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Introduction 


This  report  is  the  last  in  a long  series  of  reports 


on  research  in  solid-state  chemistry  and  physics,  under  the 
general  title,  "Compounds  with  Defect  Lattice  Structures". 

Over  the  years,  a wide  variety  of  investigations  had  been 
undertaken,  often  going  beyond  the  literal  meaning  of  the 
title,  although  the  behavior  of  solids  containing  varying 
concentrations  of  point  imperfections  and  their  complexes  has 
been  the  major  theme.  The  overriding  goal  has  been  the 
search  for  interesting  magnetic,  dielectric,  conductive  and 
luminescent  behavior  which  may  find  application  in  solid- 
state  electronic  devices  or  assist  in  the  explanation  of  the 
behavior  of  related  materials  which  find  application  in 
such  devices,  ' 

R 

In  the  following  pages,  the  research  done  in  these 
areas  at  the  Polytechnic  Institute  of  New  York  since  1975 
will  be  described.  During  this  period,  a number  of  studies 
following  up  work  described  in  the  final  report  on  the 
previous  grant^^  were  undertaken,  completed  work  was  published, 
several  new  exploratory  studies  were  undertaken,  and  as  a 
result  of  the  latter,  two  major  new  areas  were  opened  up  - one 
on  a new  approach  to  the  synthesis  of  potential  new  solid 
electrolytes,  which  has  become  the  basis  for  a new  grant  from 


2. 


(2) 

ARO  , and  a second  - the  discovery  of  new  luminescent 
fluorides  of  divalent  rare  earths,  which  is  the  subject  of 


one  completed  Ph.D.  dissertation  and  of  another  ongoing 
investigation  by  a part-time  graduate  student.  The  work 
completed  in  this  area,  comprising  Section  I in  this  report, 
is  discussed  in  detail  there.  Work  reported  in  other  sections 
will  be  referred  to  appendices  for  published  papers  and  in  the 
body  of  the  text  for  material  as  yet  unpublished. 


3. 


I . New  Bivalent  Rare-Earth  Magnesium  Fluorides 

In  recent  years,  numerous  reports  of  the  piezoelectric 

and  antiferromagnetic  behavior  of  ternary  fluorides  formed 

between  BaF^  and  fluorides  of  bivalent  transition  metals  have 

appeared,  and  our  interest  in  magnetic  interactions  in 

fluorides  drew  our  attention  to  the  report  on  the  crystal 

( 3 ) 

structure  of  oiezoelectric  BaMnF , which  became  antiferro- 

4 

magnetic  at  low  temperatures.  We  attempted  to  prepare  EuFeF^ 
by  solid  state  reaction  of  EuF2  and  FeF2 • The  purpose  was  to 
obtain  a crystalline  product  which  contained  two  strongly 
paramagnetic  ions,  Eu2  + (4f7  - S = 7/2)  and  Fe2+  (3d6  -3=2). 
The  result  of  heating  EuF2  with  FeF2  was  the  reduction  of  FeF2 

to  metallic  iron,  indicating  the  very  strong  reducing  power 

_ _ 2 + 
of  Eu 

A.  Synthesis 

Interest  in  phases  of  this  type  was  revived  by  the 

(4) 

appearance  of  a report  by  Bergmann  and  Crane  on  the  non- 
linear optical  behavior  of  BaMgF^.  Reasoning  that  MgF2  would 
be  much  more  difficult  to  reduce  than  FeF2 , we  attempted  to 
prepare  EuMgF^  from  EuF2  and  MgF2  in  sealed  platinum  tubes. 
These  experiments  yielded  products  showing  new  X-ray 
diffraction  peaks,  EuF^  peaks,  a few  spots  showing  blue 
fluorescence  under  365  nm  ultraviolet  excitation,  and  blacken- 
ing of  the  walls  of  the  Pt  contaniers,  evidently  caused  by 
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alloying  of  Mg  metal  with  the  platinum.  This  suggested  that 
the  reduction  equilibrium  between  EuF2  and  MgF2  was  being 
displaced  by  removal  of  Mg  from  the  reaction.  To  avoid  this 
problem,  we  turned  to  the  use  of  sealed  graphite  containers 
which  yieldeu  the  first  preparation  of  the  new  phase.  X-ray 
diffraction  showed  the  presence  of  a new  orthorhombic  phase 
whose  unit  cell  parameters  were  similar  to  (and  uniformly 
smaller  than)  those  of  BaMgF^.  A similar  preparation  using 
SrF2  yielded  a similar  phase,  SrMgF^,  with  cell  dimensions 
almost  identical  to  th*ose  of  EuMgF^.  For  the  europium 
compound,  the  most  successful  method  to  date  is  heating  of 
the  trifluoride  EuF^  with  MgF^  and  excess  Mg  metal  over  that 
required  to  reduce  the  EuF^  to  EuF2 . The  same  method  was 
used  to  prepare  SmMgF^,  starting  with  SmF^.  The  excess  Mg 
metal  (vapor  at  800°c)  appears  to  be  needed  to  reduce  any 
residual  oxide  oresent  in  the  commercial  starting  materials. 
This  oxide  apparently  inhibits  the  solid  state  reaction  - a 
conclusion  confirmed  by  the  greater  ease  of  conducting  the 
solid  state  reaction  when  the  commercial  trifluorides  are 
pretreated  with  ammonium  fluoride. 

In  contrast  to  BaMgF^ , which  melts  congruently,  the 
three  new  compounds  decompose  on  melting  (ca.  900°C'i  to  the 
binary  fluorides  (e.g.,  EuF2  + MgF2 ) . This  creates  a problem 


in  single  crystal  growth,  and  we  have  not  yet  been  able  to 
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grow  single  crystals.  The  only  relevant  phase  diagram 

information,  on  the  system  SrF2-MgF2,  shows  an  apparent 

o ( 5 ) 

eutectic  at  890  near  the  stoichiometric  1:1  composition 

P.  Structural  Studies 

The  orthorhombic  unit  cells  of  the  three  new  fluorides 
are  compared  with  that  of  BaMgF^  below: 


a (A) 
o 

b (A) 
o 

c (A) 
o 

BaMgF 

5.81 

14.509 

4.125 

SmMgF^ 

5.661 

14.440 

3.965 

EuMgF^ 

5.658 

14.430 

3.933 

SrMgF4 

5.637 

14.459 

3.917 

The  cell  parameters  vary  in  a manner  to  be  expected  from  the 
variation  in  ionic  radii  of  the  large  cations,  with  a possible 
anomaly  in  the  "b"  axis  of  SrMgF^. 

Tests  for  second  harmonic  generation  using  a Nd  glass 
laser  were  negative  for  all  three  compounds  while  a positive 
test  was  obtained  with  BaMgF^  on  the  same  apparatus.  This 
indicates  that  they  are  probably  centrosymmetric . 

Structure  factor  calculations  of  the  X-ray  intensities, 
using  the  published  parameters  for  BaMnF^ ^ did  not  yield 
good  agreement  for  EuMgF^,  but  the  results  suggest  that  the 
structures  are  related.  The  agreement  is  improved  whe  , the 
positional  parameters  are  changed  to  parameters  which  are 
centrosymmetric.  This  suggests  that  the  new  phases  may  have 
structures  corresponding  to  the  hypothetical  high-temperature 
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structure  of  BaMgF^  (paraelectric  phase).  If  this  proves  to 
be  correct,  we  expect  these  phases  will  have  transitions  to  a 
non-centric  structure  below  room  temperature.  We  are  currently 
attempting  to  detect  such  transitions  by  low  temperature  X-ray 
diffraction  and  by  151Eu  Mossbauer  spectroscopy. 

C.  Luminescence 

The  luminescence  properties  of  these  new  compounds  are 

quite  unusual.  At  room  temperature  EuMgF . displays  a bright 

blue  fluorescence  under  excitation  by  a high  pressure  mercury 

vapor  lamp  (365  nm) , the  emission  occurring  in  a broad  band 

with  a maximum  at  437  nm.  Excitation  is  in  a broad  band 

peaking  at  354  nm.  The  room  temperature  emission  and 

excitation  spectra  are  shown  in  Figures  1.1  and  1.2.  This 

compound  shows  complete  solid  solution  with  both  SrMgF^  and 

SmMgF..  In  solid  solutions  Sr  Eu  MgF  , the  maximum  peak 
4 JL  “X  X 4 

brightness  was  found  at  x = 0.75,  as  shown  in  Figure  1.3. 
Measurements  of  the  quantum  efficiencies  of  the  sample  with 
x = 0.75  and  1.00  were  made  in  the  laboratory  of  Dr.  W.  A. 
Thornton  of  the  Westinghouse  Electric  Co.,  Bloomfield,  N.J. 

The  assistance  of  Dr.  Thornton  and  Mr.  E.  Chen  is  gratefully 
acknowledged.  The  efficiency,  under  365  nm  excitation,  of 
the  x = 0.75  sample  was  36%  while  that  of  pure  EuMgF^  was  34%, 
only  about  5%  less.  This  places  EuMgF^  in  the  class  of 
"stoichiometric"  phosphors,  where  the  phenomenon  of  concentra- 
tion  quenching  is  negligible,  such  as  NdP^O^^  “ ' and 


I 
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f 


LiNdP^O^  • The  latter  materials  have  been  made  into 

miniature  solid  state  lasers,  emitting  in  the  infrared.  if 

crystals  of  EuMgF^  can  be  made,  the  intense  blue  band 
. 2 + 

emission  of  Eu  suggests  the  possibility  of  tunable  optica 
pumped  lasers  in  the  blue  region,  where  the  wavelength  is 
selected  by  rotating  a grating  on  one  mirror  of  the  optical 
cavity. 


/ 


The  quantum  efficiency  values  cited  above  should  be 
considered  as  lower  limits  because  of  the  grey  body  color  of 
the  powders  which  is  due,  at  least  in  part,  to  the  presence 
of  some  graphite  powder  from  the  crucibles  used  m the 
preparation,  and  possibly  a film  of  Mg  metal  deposited  on  the 
powders.  If  we  are  able  to  continue  this  research,  we  plan 
to  use  glassy  carbon  containers  rather  than  machined 
graphite;  this  should  eliminate  graphite  dust  in  the  samples. 
In  addition,  measurement  with  365  nm  was  off  the  true 
excitation  peak  of  356  nm.  Correction  for  this  would  increase 
the  measured  values  by  about  8-10%. 

Samarium  magnesium  fluoride,  SmMgF^,  has  a reddish 
body  color  and  exhibits  a weak  red  fluorescence  under  the  Hg 
lamp.  It  is  excited  in  a broad  band  peaking  at  468  nm 
(Figure  1.4) . The  lines  in  the  excitation  spectrum  are  all 
identified  as  atomic  emission  lines  of  argon,  superimposed  on 
the  band  spectrum  of  the  Ar  discharge  lamp  used  as  excitation 
source  in  the  Perkin-Elmer  fluorescence  spectrometer.  They 
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_ . . , , 2 + 

do  not  represent  transitions  m the  Sm  ion.  Excitation  is 

5 2 + 

thus  occurring  to  the  4f  5d  manifold  of  Sm  , which  is 

broadened  by  strong  interactions  with  the  crystal  field. 

Under  monochromatic  excitation  at  453  nm,  the  emission 

spectrum  of  SmMgF,  consists,  even  at  room  temperature,  of  a 

series  of  rather  sharp  lines  (Figure  1.5)  in  the  red  and  near 

IR  region.  The  strongest  peak  occurs  at  681  nm. 

In  contrast  to  the  behavior  of  EuMgF^,  the  concentra- 

2 + 

tion  dependence  of  the  peak  brightness  of  the  Sm  emission 
(Figure  1.6)  shows  a maximum  at  about  10  mole  % SmMgF^  in 
SrMgF^.  Considerable  concentration  quenching  is  present  in 
this  case.  On  the  assumption  that  the  quenching  mechanism  is 
due  to  the  crossover  of  the  ground  and  excited  states,  spectra 
were  recorded  at  77  K.  The  emission  spectrum  at  that 
temperature  is  shown  in  Figure  1.7.  The  brightness  is 
considerably  increased,  although  the  magnitudes  cannot  be 
compared  directly  because  of  different  sample  geometry  of  the 
low  temperature  cell.  This  figure  shows  improved  resolution 
and  a proposed  assignment  of  the  transitions  to  states  in  the 

6 2 + 

4f  manifold  of  Sm  . The  assignment  of  the  strong  peak  at 
681  nm  to  the  transition  ? ^Fq  is  made  in  analogy  to 

3 + 

results  on  Eu  fluorescence  in  cry-.tals  having  low  site 

symmetry.  This  transition  is  both  Laporte  and  spin-forbidden, 

2+  3 + 

and  can  only  be  observed  when  the  ion  (Sm  or  Eu  ) is 
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located  in  a non-centrosymmetr ic  site  which  introduces  a 
linear  term  into  the  crystal  potential.  Although  the 
present  compounds  are  centrosymmetr ic , we  believe  that  the 
local  site  symmetry  must  be  non-centric,  partly  because  of 
the  above  assignment. 

2 + 2 + 

D.  Energy  Transfer  from  Eu  to  Sm 

The  maximum  in  the  excitation  spectrum  of  SmMgF^ 

occurs  at  468  nm,  which  is  very  close  to  the  emission  peak 

of  EuMgF^  at  437  nm.  This  suggested  that  mixed  samples  might 

2+  2 + 

display  energy  transfer  from  Eu  to  Sm  . Samples  of 
composition  Eu^  ^Sm^MgF^  were  prepared  with  values  of  x rang- 
ing from  0.01  to  0.75.  When  these  samples  were  excited  at 

2+  2 + 

350  nm  (in  the  Eu  excitation  band)  no  Eu  emission  was 

observed  for  all  samples  having  x greater  than  0.1  - only  the 

Sm  emission  is  observed.  Figure  1.8  shows  the  emission 

2 + 

spectrum  of  Eu  Sm  MgF  , excited  in  the  Eu  excitation 
0.9  0.1  4 

2 + 

band.  Only  the  line  spectrum  of  Sm  is  seen.  In  Figure  1.9, 

2 + 

the  spectrum  of  Eu^  ^Sm.  ^,MgF„  shows  a very  weak  Eu  band 
r 0.99  0.01  ^4  1 

. 2 + 

in  the  blue  region,  and  strong  lines  of  the  Sm  spectrum. 

The  excitation  spectra  of  these  bands,  monitored  at  the 
2 + 

681  nm  Sm  line,  show  that  both  direct  excitation  in  the  Sm 
band  and  indirect  excitation  in  the  Eu  band  are  occurring 


(Figure  1.10) . 


r n 

10. 

In  an  effort  to  determine  whether  this  apparently 
total  transfer  of  excitation  energy  was  occurring  by  a 
radiative  (photon  transfer)  process  or  a non-radiative 
(resonance  transfer)  process,  two  experiments  were  performed. 

Samples  of  EuMgF^ , 995SlV  005M9F4  and  Eu0. 99Sm0. 01MgF4 

were  measured  for  fluorescence  lifetime,  using  an  SLM  series  400 

lifetime  meter.  The  instrument  was  set  to  detect  the  Eu  blue 

fluorescence  at  437  nm.  The  results,  shown  in  Figure  1.11, 

2 + 

indicate  a significant  decrease  in  Eu  fluorescence  life- 
time as  the  Sm  concentration  is  increased.  This  behavior  is 

characteristic  for  non-radiative  energy  transfer  by  resonance 

2+  2 + 
between  excited  Eu  ions  and  ground  state  Sm  ions.  It 

was  not  possible  to  follow  this  lifetime  shortening  to  higher 

Sm  concentrations,  owing  to  the  complete  quenching  of  the 
2 + 

Eu  emission.  This  effect  is  considered  to  be  additional 

evidence  for  a non-radiative  energy  transfer  process,  as  some 

2 + 

of  the  emitted  Eu  radiation  would  be  expected  to  escape 
from  the  samples  if  the  photon  transfer  mechanism  were  the 
major  mode  of  energy  transfer. 

To  test  for  the  possibility  of  radiative  energy 


transfer,  a mechanical  equimolar  mixture  of  EuMgF^  and 


SmMgF^  was  prepared  and  the  emission  spectrum  under  350  nm 

excitation  was  recorded.  The  spectrum  showed  the  presence  of 
2+  2 + 

both  Eu  (blue  band)  and  Sm  (red  lines)  emissions,  although 


. . 2 + 
excitation  was  solely  within  the  Eu  band.  This  experiment 

shows  that  the  radiative  transfer  mechanism  is  indeed 

2 + 

feasible,  but  the  absence  of  Eu  emission  in  solid  solutions, 
as  described  above,  indicates  that  resonant  (non-radiative ) 
energy  transfer  is  the  dominant  mechanism,  occurring  at  much 
higher  rates  than  radiative  transfer. 

E.  Magnetic  Susceptibility  Measurements 

Samples  of  EuMgF^ , SmMgF^  and  solid  solutions  of  the 
two  at  concentrations  of  25  and  50  mole  % were  subjected  to 
measurements  of  magnetic  susceptibility  using  a Faraday 
balance  at  Brown  University  in  the  laboratory  of  Professor 
Aaron  Wold,  between  room  temperature  and  80  K,  and  a vibrat- 
ing sample  magnetometer  down  to  4.2  K in  the  laboratory  of 
Professor  William  O.J.  Boo  at  the  University  of  Mississippi. 

We  acknowledge  their  assistance  with  gratitude.  The  results 
with  both  instruments  were  comparable  in  the  temperature  range 
where  overlapping  measurements  were  made. 

The  purpose  of  these  measurements  was  to  search  for 
any  possible  ordering  of  the  magnetic  moments  and  to  determine 
the  strength  of  the  nearest  meighbor  magnetic  interactions 

from  the  magnitude  of  the  Weiss  constant  0 in  the  Curie-Weiss 

Law:  X = C/T  + 0.  It  was  thought  that  the  presence  of 
m 

strong  exchange  interactions  might  be  correlated  with  the 
energy  transfer  processes  described  above. 

1 ! 

j 

L 
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Figures  1.12,  1.13  and  1.14  show  the  reciprocal  of  the 
molar  susceptibility,  l/x^  plotted  against  absolute 
temperature  for  EuMgF^,  EuQ  5SmQ  ,_MgF4  and  SmMgF4.  The  Weiss 
constant  of  -3  K for  EuMgF4  indicates  that  the  magnetic 
exchange  interactions  are  quite  negligible.  This  result  is 
not  unexpected,  as  the  Eu-Eu  distances  are  expected  to  be 
large  (about  4.4  A,  if  the  structure  resembles  that  of 

2 + 

BaMnF4  in  any  way) . The  magnetic  moment  calculated  for  Eu 
from  the  slope  of  the  linear  high  temperature  region  is 

g 

7.7  fXg,  compared  to  7.8  ^ expected  for  the  S7/2  conf iguration 
2 + 

of  Eu  . The  curve  for  the  50  mole  % mixture  yields  an  average 

room  temperature  moment  that  would  be  expected  for  a random 

2 + 2 + 

distribution  of  Sm  and  Eu  , using  the  value  of  the  room 

temperature  .moment  of  Sm^+  measured  by  Selwood ^ ^ ^ on  SmBr^ . 

2 + 

The  magnetic  moment  of  Sm  is  expected  to  be  temperature 

7 

dependent,  for  the  ground  multiplet,  F consists  of  seven 

J 

closely-soaced  levels  about  200  cm  ^ apart,  with  the  lowest 
7 

state,  Fq,  being  non-magnetic . The  susceptibility  data  on 

SmMgF4  were  substituted  into  the  van  Vleck  formula  for  the 

susceptibility-temperature  relation  for  the  case  where  the 

multiplet  splitting  is  comparable  to  kT,  assuming  zero  for 

2 + 

the  Weiss  constant.  The  magnetic  moment  of  Sm  in  Bohr 
magnetons  is  plotted  against  temperature  in  Figure  1.15,  where 
Selwood' s data  on  SmBr^  are  also  shown.  The  two  curves  are 


13. 

in  reasonable  agreement.  There  is  a trend  to  higher  values 

for  SmMgF^  at  low  temperatures  and  lower  values  at  high 

temperatures.  This  may  indicate  some  mixing  of  the  J = 0 

ground  state  with  states  of  higher  J values.  If  this  is  the 

case,  it  may  be  a factor  which  enhances  the  intensity  of  the 

nominally  forbidden  5D  > transition.  Resolution  of 

o o 

2 + 

this  question  will  require  measurement  of  the  Sm  emission 
spectrum  at  lower  temperatures  on  an  instrument  of  higher 
resolution  than  the  Perkin-Elmer  Spectrof luorimeter  used  in 
this  research. 


ifldino  lAiira 


Figure  1.7 
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FIGURE  1.14 

Plot  of  Reciprocal  Susceptibility  vs.  Temperature  for  SmMgF^  (V.S.M. 
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II.  Complex  Transition  Metal  Fluorides 

At  the  beginning  of  the  present  grant  period,  much 

emphasis  was  given  to  the  study  of  the  "tetragonal  bronze" 

phase  in  the  systems  KM  M F,,  where  M and  M are 

first-row  transition  metals.  Previous  studies  had  detected 

magnetic  ordering  in  the  temperature  range  of  135-140  K for 

KFe  F,  and  KMnFeF , near  the  composition  of  x = 0.5  in  the 
2 b b 

above  formula.  An  X-ray  study  of  a single  crystal  of 
KFe  F,.  at  room  temperature  had  indicated  that  the  structure 
was  tetragonal,  but  anisotropic  least-squares  refinement 
yielded  a discrepancy  factor  R - 0.07,  which  was  too  high  for 
the  precision  of  the  experimental  data.  Neutron  diffraction 
data  on  powder  samples  yielded  a magnetic  unit  cell  with  a 
doubled  "C"  axis,  but  the  magnetic  structure  could  not  be 
solved,  using  the  tetragonal  cell  found  at  room  temperature. 
The  apparent  existence  of  preferential  site  distributions 

over  non-equivalent  octahedral  sites  is  one  possible  reason; 

. 2+  3 + 

this  could  also  lead  to  ordering  of  Fe  and  Fe  ions,  with 

a consequent  increase  in  unit  cell  parameters  by  some  type 

of  multiplication  of  the  tetragonal  "a"  parameters.  Another 

factor  to  be  considered  was  the  possibility  that  the  crystals 

undergo  a phase  transformation  below  room  temperature, 

requiring  that  the  neutron  diffraction  data  be  analyzed  in  a 


space  group  of  lower  symmetry. 
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The  research  reported  in  this  section  (and  the 
appendix)  was  largely  devoted  to  resolving  these  questions,, 

This  involved  the  study  of  phase  transitions  below  room 
temperature  in  samples  in  the  K FeF  system,  a study  by 

X j 

II 

Mossbauer  spectroscopy  of  site  preferences  in  a series  of 

preparations  near  the  x = 0.5  composition,  single  crystal 

X-ray  studies  on  specimens  in  the  K FeF_  and  K Mn  Fe,  F- 

X 3 x x 1— x 3 

2+  3 + 

systems.  New  preparations  were  made  in  the  Fe  -Cr  and 
2+  3 + 

Mn  -Cr  systems,  for  a systematic  study  of  magnetic  inter- 
actions. This  project  was  abandoned  for  the  time  being 
because  of  the  discovery  of  the  new  compounds  described  in 
Section  I.  The  results  are  briefly  summarized  below;  two 
papers  which  have  been  published  and  accepted  for  publication 
are  reproduced  in  the  Appendix. 

A.  Preparation  of  New  Samples  and  Crystal  Growth 

Preparation  of  the  series  K^Mn^Fe^  ^F^  were  made,  by 
solid  state  reaction  in  Ar-filled  Pt  crucibles;  the  tetragonal 
bronze  phase  appears  to  exist  over  the  composition  range 
0.35  < x < 0.6,  with  a continuous  increase  in  the  tetragonal 
lattice  parameters  with  increasing  x.  In  the  series  the  <a 
dimension  increases  from  12.53A  at  x = 0.4  to  12.70A  at  x = 0.6. 
the  c_  dimension  (undoubled)  increases  from  3.87A  to  3.98A  over 
the  same  interval.  The  c axis  was  found  to  be  doubled  in  a 
piece  of  a single  crystal  obtained  from  a boule  grown  by 
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Bridgman  pulling  in  a graphite  crucible,  in  a melt  of  nominal 
value  of  x = 0.5.  This  led  to  the  decision  to  study  the 
crystal  structure  of  such  a crystal  - see  Appendix. 

In  the  series  K Fe  Cr  F,,  samples  were  prepared 

X X J.— X j 

with  x values  from  0.25  to  0.60.  The  sample  at  x = 0.25  has 

the  hexagonal  bronze  structure  and  the  sample  at  x = 0.35 

has  an  orthorhombic  cell  closely  related  to  the  hexagonal 

bronze  structure.  Higher  values  of  x showed  the  expected 

tetragonal  bronze  structure. 

Some  preparations  in  the  series  K Li  Fe11  Fe^^F,  were 

x y x+y  1 — x 3 

made,  to  determine  if  the  small  lithium  ion  could  be  inserted 

in  the  trigonal  prism  vacancies  in  the  structure,  as  described 

( 12 ) 

by  Banks  and  Goldstein  for  the  hexagonal  potassium 

tungsten  bronzes.  Two  preparations  of  the  tetragonal  phase 

had  somewhat  larger  tetragonal  lattice  parameters  than 

2+  3 + 

preparations  with  the  same  Fe  /Fe  ratio  and  potassium  only. 
Attempts  to  prepare  fully  inserted  phases  v/ere  unsuccessful. 

A single  crystal  from  a melt  of  composition  ,Lirt  .FeF..  was 
found  to  have  an  orthorhombic  supercell  with  a1  = J 2 a, 

*>•  - 2/7  a and  c'  = 2c,  where  the  unprimed  axes  pertain  to  the 
tetragonal  subcell.  This  is  the  same  supercell  found  on  our 
single  crystal  of  Kn  __FeF~  (see  below).  Further  work  in  this 
area  was  discontinued  after  the  discovery  of  the  new  compounds 


described  in  Section  I. 
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Some  improvements  in  growth  of  crystals  of  these 
potassium  transition  metal  fluorides  were  accomplished. 
Although  no  single-crystal  boules  were  obtained,  crystal 
sections  of  several  mm  dimensions  were.  The  major  improve- 
ments involved  the  addition  of  small  amounts  of  KCl  to  the 
melt,  which  lowers  the  freezing  point?  the  addition  of  NH^F, 
which  appears  to  eliminate  the  incorporation  of  oxide  in  the 
fluorides,  and  evacuation  of  the  enclosure,  which  acts  to 
eliminate  voids  in  the  boule  due  to  entrapped  gases. 

B.  Phase  Transitions 

The  possibility  mentioned  above,  that  a structural 

phase  transition  may  occur  below  room  temperature  and  thus 

make  the  analysis  of  low  temperature  neutron  diffraction  data 

incorrect,  was  investigated  by  the  use  of  a Heli-Tran  low 

temperature  X-ray  diffractometer  attachment.  Samples  of 

nominal  composition  Kn  ^FeF,,  prepared  at  different  times, 

were  placed  in  the  sample  holder  of  the  attachment  and  x-ray 

dif fractograms  were  run  at  room  temperature  and  at  various 

lower  temperatures  down  to  80  K.  Silicon  mixed  with  the 

powder  sample  was  used  as  an  internal  standard.  At  low 

o 

temperatures  a new  peak  appeared  near  2 6 = 24  . This  peak 
was  monitored  between  the  lowest  temperature  and  room 
temperature  and  the  transition  temperature  was  taken  as  the 
■(  temperature  above  which  the  peak  disappeared.  The  data  for 

L 
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these  four  samples  are  tabulated  below.  The  room  temperature 
lattice  parameters,  based  on  the  tetragonal  subecll,  indicate 
an  increase  in  the  value  of  "x"  in  K FeF^  with  sample  number 
although  accurate  values  of  x cannot  be  assigned.  The 
presence  of  some  FeF^  lines  in  the  patterns  also  indicates 
some  variation  in  the  x value  of  the  nominally  tetragonal 
phase. 


Apparent 

Sample  No.  Room  Temp.  Lattice  Parameters  Transition  Temp 


1 

a 

12.569  A 

c_ 

3.927 

2 

12.574 

3.928 

3 

12.594 

3.936 

4 

12.599 

3.937 

A 240  K 

135  K 
185  K 

(above  rm.  temp.) 


The  peak  near  24°  was  present  at  room  temperature  in  sample  4, 

and  was  still  present  at  45°C.  Since  the  published  structure 

of  ,FeF_  at  room  temperature  is  orthorhombic,  it  is 
0.6  3 

tempting  to  suppose  that  this  transition  is  to  an  orthorhombic 
and  possibly  non-centric  structure.  This  would  allow  the 
transition  metal  ions  to  be  displaced  along  the  c axis  in  the 
low  temperature  structure  and  might  assist  in  the  interpretation 
of  the  magnetic  neutron  scattering.  In  the  light  of  the 
structure  results  reported  below,  however,  it  would  be  wiser 
to  determine  the  atomic  arrangement  from  single  crystal  x-ray 
data  at  low  temperature  before  proceeding. 


C.  Site  Preferences  of  Bivalent  Ions  in  K 
x x 1-x  3 

On  the  basis  of  earlier  work  on  KQ  ^FeF^ / we  had 

2 + 

suggested  that  the  line  broadening  of  the  Fe  spectrum, 

relative  to  that  of  the  Fe^+  spectrum,  indicated  that  the 
2 + 

Fe  ions  have  a preference  for  the  (2c)  sites  in  P4/mbm  over 

the  (8^)  sites,  the  broadening  being  due  to  the  presence  of 
2 + 

Fe  ions  in  both  sites.  This  was  further  investigated  by  a 

11  2 + 
detailed  Mossbauer  study  of  the  competition  between  Fe  and 

other  bivalent  ions  in  a variety  of  materials  with  substitution 
2+  2+  2+  2 + 

of  Zn  , Mn  , Mg  for  Fe  . This  study  has  been  published. 
(Banks,  Torre,  DeLuca,  J.  Solid  State  Chem.,  22 , 95-100(1977)). 
A copy  of  this  paper  will  be  found  in  the  Appendix.  The 
results  show  that  the  trivalent  ions  are  located  on  the  (8^) 
sites  exclusively  and  the  divalent  ions  are  distributed  over 

the  (2c)  and  (8_.)  sites.  The  area  ratios  also  suggest  that 

2+  2 + 

Fe  ions  show  some  preference  for  the  (2c)  sites  when  Mn 

2 + 

and  Mg  are  in  competition.  Much  more  work  would  be  needed 
to  correlate  this  with  size  and  electronic  factors. 

D.  Structural  Studies 

Precession  photographs  of  two  single  crystals, 
nominally  Kn  _FeF_  and  KMn  -Fe.  FeF_ , taken  with  long 
exposures,  both  showed  superstructure  spots.  The  iron  compound 
had  a unit  cell  with  a'  =/~2a,  b'  = 2 v/Ta  and  c'  = 2c. 

Previous  refinement  of  the  subcell  in  P4/mbm  had  yielded  an 
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R factor  of  0.07  with  anisotropic  thermal  parameters,  but  the 

results  were  never  published  because  the  data  were  of  such 

quality  as  to  require  an  R value  of  the  order  of  0.02.  The 

discovery  of  this  orthorhombic  supercell  could  improve  the 

refinement,  but  this  has  not  been  done  as  yet.  In  the  Mn-Fe 

crystal,  the  superstructure  has  c’  = 2c,  with  the  a 

parameters  the  same  as  the  subcell.  X-ray  intensity  data 

were  collected  at  Brookhaven  National  Laboratory  and  the 

structure  was  refined  in  soace  group  P4^bc  (non-centro- 

symmetric).  The  results,  given  completely  in  the  Appendix, 

indicate  that  three  types  of  transition  metal  ion  sites  are 

2 + 

present,  one  of  which  is  mainly  occupied  by  Mn  , another 
3 + 

mainly  by  Fe  , and  the  third  by  a mixture  of  the  two  ions. 


I 
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III.  Upconversion  and  NMR  Studies  of  cdF^ :Rare  Earth 

The  work  on  upconverting  CdF2 : Yb^+, Er^+  crystals  was 
completed.  The  maximum  upconversion  efficiency  was  found  at 
a composition  of  about  86  CdF2 , 3 CaF^  10  YbF^,  1 ErF^ . The 
quantum  efficiency  was  about  0.7%,  compared  to  about  0.1%  for 
YF^  and  BaYFj.  doped  with  the  same  impurities.  This  work 
has  been  published  (Greenblatt  and  Banks,  J.  Electrochem. 

Soc.,  124,  409(1977)  and  a copy  of  that  paper  appears  in  the 
Appendix. 

The  Final  Report  on  Grant  DA-ARO-D-31-124-72-G7 
19 

described  work  on  F NMR  which  showed  the  existence  of 
"dimers"  of  (Re-F^^  in  Er3+  and  Vb3+  doped  CdF2,  and  a pre- 
print of  a submitted  paper  was  included  in  the  Appendix.  This 
report  briefly  discusses  that  result  in  the  context  of  the 
infrared-visible  conversion  and  the  possibility  that  more 
complex  structures  may  be  involved  instead  of  isolated  dimers. 

The  simplest  interpretation  of  the  observed  (100)  resonance 
is  of  "dimers"  consisting  of  rare-earth- interstitial  ion  pairs 
in  a square  array  in  (100)  planes  of  the  fluorite  structure. 

Other  possibilities  would  be  zigzag  chains  of  rare  earth- 
interstitial  ions  along  (110)  directions  or  helical  arrays 
along  (100)  directions.  These  resonances  show  the  dipolar 
shifts  to  be  expected  from  the  field  due  to  a pair  of  rare 
earth  ions  at  90°  to  each  interstitial  fluoride,  the  shift 

l 
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being  proportional  to  the  magnetic  moment  of  the  rare  earth. 
The  details  are  contained  in  the  paper  by  Mustafa,  et  a_l.  in 
J.  Chem.  Phys . , 62,  2700(1975),  which  is  included  in  the 
Appendix  for  reference. 

Recent  work  on  CdF^  crystals  doped  with  equal 
concentrations  of  Er^+  and  Yb^  + has  revealed  a new  resonance 
at  fields  intermediate  between  those  due  to  the  ( Er-F^)  and 
(Yb-F^) ^ "dimers".  The  concentration  of  these  mixed  pairs 
(Er-F^)  (Yb-F^)  appears,  from  the  intensity  of  the  NMR  signal, 

to  be  significantly  higher  than  that  to  be  expected  on  the 
basis  of  statistical  distribution.  This  suggests  that  the 
postulated  existence  of  such  mixed  pairs  may  explain  the 
high  upconversion  efficiency  of  the  crystals. 


k J 
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IV.  Synthesis  of  Potential  Solid  Electrolytes 

Solid  electrolytes  have  become  important  in  the 
development  of  rechargeable  batteries  of  high  energy  density 
for  applications  to  electric  vehicles  and  utility  load- 
leveling. The  most  advanced  systems  of  this  sort  use  a 
sodium-ion  conductor  based  on  NaAl^O^  ((3-alumina)  which  has 
two-dimensional  ion  conduction  pathways  and  is  inherently  a 
poorer  electrolyte  than  a material  which  might  have  three- 
dimensional  connections  among  the  cation  sites,  which  would  be 
partially  occupied  to  permit  free  movement  of  ions  from  one 
site  to  the  other. 

We  have  attempted  to  introduce  alkali  metal  ions  into 

the  large  interstices  in  cubic  ZrP^O^  in  the  hope  that  these 

ions  would  be  mobile.  The  large  interstices  can  accommodate 

ions  of  radius  up  to  about  1.2  A,  and  they  are  connected 

three-dimens ionally.  The  first  preparations  were  made  using 
3 + 

Y as  the  charge-compensating  species.  This  resulted  in 

appreciable  solid  solution  formation  only  in  the  case  of 

lithium.  Preparations  of  composition  Zr..  Y Li  P 0_  showed  a 

1“X  X X 4 / 

cubic  phase  for  values  of  x up  to  0.1.  Higher  doping  levels 
showed  no  further  increase  in  lattice  parameter  and  the 
appearance  of  a second  phase  pattern  in  X-ray  dif fractograms . 
No  solid  solution  was  observed  for  combinations  of  yttrium- 
sodium,  gallium- sodium  and  gallium-lithium.  A sample  of 
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7 . 

Zr  Yn  Li  P 0 was  submitted  for  Li  NMR  to  determine 
0 • 9 U • 1 0*1  2 7 

whether  the  lithium  ions  are  mobile  at  temperatures  up  to  200°G. 

This  experiment  did  not  detect  the  ^Li  resonance,  because  of 

too  little  sample.  Larger  samples  have  not  bean  prepared 

yet,  because  of  our  apparent  success  ir.  obtaining  a higher  Li 

concentration  using  In^+  as  the  charge-compensating  species 

(see  below).  The  lattice  parameters,  measured  for  high  angle 

diffraction  peaks,  for  Zr,  Li  Y P_0_,  are  as  follows: 

£ 1 — x x x 2 7 

x = 0.00  0.025  0.050  0.075  0.100 

a (A)  = 8.246  8.246  8.253  8.251  8.260 

o 

On  the  basis  of  ionic  radius  considerations,  it  was 
thought  that  these  preparations  might  have  lithium  on  normal 
Zr  sites  and  yttrium  in  the  large  interstices.  The  X-ray 
intensities  which  are  about  the  same  for  pure  ZrP^O^  and  the 
solid  solution,  discourage  such  an  interpretation.  With  Y in 
the  Zr  sites,  the  10%  filling  of  the  interstices  by  lithium 
would  lead  to  a maximum  of  2%  change  in  intensity  for  the  most 
sensitive  reflections,  whereas  the  distribution  suggested 
above  would  give  easily  observable  intensity  changes. 

4 + 

Trivalent  indium  has  a radius  much  closer  to  Zr 

than  does  Y^+.  Similar  preparations  were  made  with  this  ion, 

3 + 

and  also  with  Eu  , as  described  below.  The  photoluminescence 
3 + 

of  Eu  can  be  used  as  a probe  of  the  Eu  environment,  as 

( 13) 

shown  by  Hoe  f dr  ad,  et  al_. 
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Attempts  were  made  to  synthesize  Zr  mV^P  O , 

i.”X  XX  2 / 

III  .3+  3+  I . . + + 

where  M is  In  or  Eu  and  M is  Li  or  Na  . Most  of 

these  were  prepared  by  solid  state  reaction  of  mixtures  of 

the  constituent  oxides,  alkali  carbonates  and  ^TH.PLPCh, 

4 2 4 

although  some  were  made  using  precipitated  ZrO (H2  PO^  ) ^ * n^O, 

which  was  the  main  technique  used  in  the  preparations 

described  above  for  the  Li-Y  series.  Single  cubic  phase 

products  were  obtained  with  the  Li-In  combination  for  x values 

up  to  0.2,  about  twice  the  concentration  found  when  Y^+  is  the 

charge  compensator.  The  lattice  parameter  decreases  with 

increasing  x,  as  would  be  expected  from  the  smaller  ionic 

radii  of  both  Li+  and  in3  + compared  to  that  of  Zr^+.  in  the 

Li-Eu  series,  new  X-ray  peaks  were  observed  at  the  lowest 

concentration  attempted,  but  there  appeared  to  be  an 

expansion  of  the  lattice.  We  have  recently  learned  that 

GeP^O^  has  a true  unit  cell,  a = 22.854  A,  triple  the  cell 

( 14) 

which  we  have  been  describing  . If  this  is  also  present  in 
ZrP20^,  some  of  the  extra  lines  in  the  Li-Eu  solid  solution 
may  be  extended.  This  is  now  being  pursued.  The  samples 
containing  Eu3  + display  a bright  orange  fluorescence  under 
long  wavelength  ultraviolet  and  fluorescence  measurements  will 
be  made  at  the  earliest  opportunity.  The  position  of  the 
charge-transfer  excitation  band  of  the  Eu3+  will  provide  a 
valuable  clue  as  to  the  location  of  the  trivalent  ions  in 
these  solid  solutions. 


I 


41. 


Because  of  the  negative  results  of  attempts  to 
introduce  sodium,  an  attempt  was  made  to  use  Na^P^C^  as  a 
flux  for  single  crystal  growth.  Single  crystals  of  these 
materials  would  he  .elaahle  for  future  measurements.  Heating 
an  equimolar  mixture  of  Na4P2C>7  and  ZrP207  produced  a single 
phase  X-ray  pattern  corresponding  to  a-Na^Zr.^  ( PO^)  a 
material  originally  synthesized  by  H.Y-P.  Hong  as  a possible 
solid  electrolyte^^.  When  excess  NH^^PO^  (4  to  8 moles) 
was  used,  a cubic  ZrP2C>7  phase  and  an  amorphous  phase  were 
formed.  We  have  not  yet  determined  whether  any  Na+  is 
present  in  the  ZrP207.  If  there  is,  it  is  possible  that  the 
sodium  is  present  both  on  the  Zr  sites  and  in  the  interstitial 
positions . 
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V.  Eu  Mossbauer  Study  of  Eu  MOO. 

x 4 

The  previous  final  report  included  a report  on 

rare-earth  molybdate (V)  compounds,  with  a description  of 

the  solid  solution  series  Eu^MoO^  which  postulated  a cation 

vacancy  model  for  the  series  (0.67  s x < 1.00)  where  the 

MoO^  (VI)  groups  remain  with  molybdenum  in  the  6+  state 

and  the  introduction  of  Eu^+  is  compensated  by  cation 
151  " 

vacancies.  A Eu  Mossbauer  study,  carried  out  at 
Professor  N.N.  Greenwood's  laboratory  on  samples  prepared 
here,  has  confirmed  the  vacancy  model.  The  paper  has  been 
published  in  Inorganic  Chemistry  15,  2317(1976)  and  a copy 
is  reproduced  in  the  Appendix. 


43. 


VI.  Phase  Transition  and  ESR  of  Cr(V)  in  Fluorapatite 

In  our  1971  ESR  study  of  CrO^  in  chlorapatite ^ 16 ^ , 
we  observed  three  crystallographically  and  magnetically 
inequivalent  sites,  in  keeping  with  the  monoclinic  (P2^/b) 
symmetry.  In  that  paper  we  reported  a similar  splitting  in 
fluorapatite,  Ca^(PO^)^F  which  could  not  be  analyzed  at  that 
time.  However,  we  suggested  that  fluorapatite,  which  is 
hexagonal  at  room  temperature,  might  undergo  a phase 
transition  on  cooling.  This  cannot  be  directly  observed  by 
ESR  of  CrO^  , because  the  Cr(V)  resonance  is  not 
observable  above  liquid  nitrogen  temperature. 

We  report  here  some  evidence  of  a phase  transition 
in  the  neighborhood  of  140  K,  based  on  X-ray  data  and 
differential  thermal  analysis  at  low  temperatures,  and  the 
results  of  a new  ESR  study  of  CrO^  in  fluorapatite  which 
indicates  that  a lower  symmetry  structure  exists  at  4.2  K. 

A.  X-ray  Data 

A powdered  sample  of  Ca  (P0.)_.F  was  loaded  into  the 
low-temperature  diffractometer  and  dif fractograms  were  run  at 
temperatures  down  to  20  K.  The  low  temperature  patterns 
showed  extra  lines,  which  could  be  indexed  on  the  basis  of  a 
monoclinic  unit  cell  with  a'  = a,  b'  = 2a,  c'  = c,  the 
unprimed  parameters  being  those  of  the  original  hexagonal  cell; 
the  non-standard  labeling  of  the  monoclinic  axes  is  used  to 
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emphasize  the  relation  to  the  hexagonal  cell.  This  cell  is 

similar  to  the  monoclinic  cell  of  chlorapatite  at  room 

temperature.  The  extra  reflections  persisted  up  to  well 

above  liquid  nitrogen  temperature,  recalling  an  earlier 
( 17) 

cla.ua  , based  on  dielectric  constant  measurements,  that  a 
phase  transition  occurs  at  about  140  K.  DTA  measurements 
with  a liquid  nitrogen  cooled  cell  had  indicated  some  thermal 
effect,  but  no  sharp  transition  was  observed. 

A slice  from  a large  cylindrical  boule  of  fluor- 
apatite,  doped  with  0.1%  Mn,  was  cut  perpendicular  to  the  £ 
axis  and  mounted  on  the  sample  holder  of  the  low-temperature 
powder  diffractometer.  This  permitted  scanning  of  the  (00  J,) 
zone.  The  accepted  space  group  of  hexagonal  fluorapatite  is 
P6^/m,  which  pe.rmits  only  even  00 1 reflections.  At  room 
temperature  these  were  the  only  ones  observed.  When  the 
crystal  was  held  overnight  at  liquid  nitrogen  temperature 
before  recording  the  X-ray  pattern,  two  new  peaks  appeared, 
which  could  be  indexed  as  001  and  003.  The  appearance  of 
these  peaks  indicates  that  the  screw  axis  is  absent  in  the 
low  temperature  structure. 

An  attempt  to  observe  the  transition  temperature  by 
observing  the  disappearance  of  the  odd  order  peaks  during 
warming  to  room  temperature  failed  because  they  persisted 


after  the  crystal  returned  to  room  temperature.  However, 
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they  disappeared  after  the  crystal  was  held  at  room  temperature 
overnight.  This  indicates  that  the  transition  is  very  sluggish 
indeed.  Attempts  to  approach  the  transition  from  above 
indicated  that  no  transition  is  found  when  the  crystal  is 
held  at  133  K (-140°C)  and  that  it  is  detected  when  it  is  held 
at  123  K (-150°C) . This  extreme  thermal  hysteresis  is 
probably  the  reason  that  so  many  attempts  to  observe  this 
transition  have  had  negative  results;  most  low  temperature 
measurements  are  started  as  soon  as  the  sample  temperature  has 
reached  the  desired  value.  The  twenty-four  hours  required  by 
our  single  crystal  is  an  extreme  case,  the  sample  being  about 
1 mm  thick  and  1 cm  in  diameter.  The  DTA  result  below 
indicates  that  four  hours  is  a sufficient  time  for  a powder 
of  the  same  composition. 

A single  crystal  of  fluorapatite  doped  with  about 

5%  CrO^  showed  a monoclinic  unit  cell  at  room  temperature. 

Time  did  not  permit  a structure  analysis.  This  monoclinic 

structure  may  be  an  effect  of  the  presence  of  high 

2- 

concentrations  of  the  highly  distorted  CrC>4  ion,  but  it  is 
not  seen  in  crystals  with  lower  concentrations  and  can 
certainly  not  account  for  the  splitting  described  in  the  ESR 
study. 
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B . Differential  Thermal  Analysis 

A sample  of  powdered  fluorapatite  containing  about 

0.1%  CrO^  was  provided  to  Mr.  John  Elder,  manager  of  the 

applications  laboratory  of  the  Mettler  Corporation.  DTA 

o 

runs  were  made  at  a heating  rate  of  2 C/mm.  on  the 
Mettler  TA  2000  B Quantitative  DTA  System  between  -160°C  and 
-100°c  (113-153  K)  . The  results  (Figure  6-l),show  that  a 
transition  is  detected,  when  the  sample  was  held  at  -160°c 
for  four  hours  prior  to  running  the  heating  curve,  while  it 
was  not  observed  when  the  heating  program  was  begun 
immediately  after  cooling.  The  extreme  baseline  drift  is 
characteristic  of  the  instrument  operating  at  the  extreme 
range  of  its  sensitivity.  This  was  confirmed  with  a sample 
of  a-alumina  which  was  the  material  used  in  the  reference  cell . 

The  small  endotherm  in  the  range  -141  to  -136°C 
appears  to  be  the  result  of  the  transition  expected  in  this 
range.  The  thermal  effect  is  quite  small,  as  would  be 
expected  for  a second-order  phase  transition.  Presumably 
there  is  some  thermal  hysteresis  still  present,  so  the  true 
transition  temperature  would  be  somewhat  lower,  perhaps 
about  130  K. 

C.  Reinvestigation  of  ESR  of  CrO^  in  Fluorapatite 

If  the  X-ray  evidence  for  the  loss  of  the  screw  axis 


and  for  a monoclinic  cell  in  the  low  temperature  form  of 
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fluorapatite  are  combined,  the  possible  space  groups  are 
P2  and  P2/b.  The  reinvestigation  of  the  electron  spin 
resonance  of  CrO^  in  fluorapatite  indicates  the  presence  of 
three  crystallographically  inequivalent  PO^  sites, 
consistent  with  monoclinic  symmetry  in  a doubled  unit  cell 
of  the  type  mentioned  above.  The  data  show  a slight  tendency 
for  splitting  of  the  three  peaks,  which  would  favor  the 
choice  of  the  non-centrosymmetr ic  space  group  P2 . However, 
such  splitting  could  also  be  an  effect  of  slight  misorienta- 
tion  of  the  crystal.  A test  for  second  harmonic  generation 
at  low  temperature  showed  a negative  result,  but  the  sample 
was  not  held  at  temperature  for  more  than  half  an  hour. 

This  experiment  should  be  repeated  under  the  conditions 
described  above. 

A paper  on  the  ESR  study  has  been  published 
(Greenblatt,  Pifer  and  Banks,  J.  Chem.  Phys.,  66,  559(1977)) 
and  a copy  is  reproduced  in  the  Appendix. 
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VII.  Possible  Linear  Conductors  Based  on  (VO) 

Phthalocyanine 

There  has  been  much  recent  interest  in  linear 
metallic  conductors  because  of  the  possibility  that  they  may 
provide  a basis  for  superconductors  with  high  Tc.  Most  of 
those  involving  transition  metals  are  complexes  of  platinum 
in  mixed  valence  states,  and  appear  to  owe  their  one- 
dimensional conductivity  to  the  overlap  of  partially  occupied 
d orbitals  of  the  metal. 

We  have  attempted  to  prepare  similar  materials  by 

2 + 

the  partial  oxidation  of  the  vanadyl  (VO  ) ion  in  vanadyl 
phthalocyanine.  If  this  could  be  done,  the  overlapping 
vanadium  3d  orbitals  would  be  connected  through  the  2p 
orbital  of  an  intervening  oxygen  ion,  and  the  behavior  might 
be  that  expected  of  a one-dimensional  analog  of  the  tungsten 
and  vanadium  bronzes. 

Two  synthetic  approaches  were  tried  - the  electrolysis 
of  solutions  of  (VO)  phthalocyanine  in  concentrated  H^SO^  and 
the  sealed  tube  oxidation  of  the  phthalocyanine  complex  with 
I^  and  Br^ • Both  yielded  new  phases  as  detected  by  powder 
X-ray  diffraction.  The  optical  properties  of  the  products 
(transparency)  suggested  that  they  are  insulators  at  room 


temperature. 
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Electrolysis  of  vanadyl  phthalocyanine  in  concentrated  sulfuric 
acid  yielded  small  brown  crystals,  up  to  0.1  mm  in  length. 
Vanadyl  phthalocyanine  when  recrystallized  from  concentrated 
H^SO^,  has  a bright  blue  color.  The  x-ray  pattern  of  the 
brown  crystals  showed  a few  strong  sharp  peaks  with  d-spacings 
of  3.27  and  2.01  A.  This  is  quite  different  from  the  parent 
compound  which  has  a very  complex  powder  pattern.  Most  of 
the  brown  crystals  were  on  the  bottom  of  the  vessel,  but  a 
few  were  found  on  the  cathode,  suggesting  that  they  might  be 
reduced  to  V^+.  Not  enough  product  was  obtained  for 
magnetic  susceptibility  measurements  or  other  means  of 
determining  the  oxidation  state. 

Attempts  to  prepare  partially  oxidized  materials  by 
chemical  vapor  transport  by  I 2 led  to  the  transport  of  some 
dark  material  whose  X-ray  pattern  was  somewhat  different  from 
that  of  the  parent  compound,  and  colorless  crystals  which 
were  water-soluble,  or  reactive  with  water.  X-ray  data 
indicated  a cubic  lattice,  either  face-centered  with  A = 8.08  A 
or  body-centered  with  a = 5.73  A.  This  product  is  probably 
the  result  of  decomposition  of  the  organic  matter. 

Work  on  this  project  was  discontinued  because  of  the 
approaching  termination  of  the  grant.  It  is  evident  that  much 
more  work  would  be  required  to  understand  these  results  and 
to  study  this  problem  in  more  detail. 
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Mossb.vjer  studies  arc  reported  for  compounds  of  the  type  K V.V'F,  (M  = first-row  transition  metal 
ion,  Zn.  or  Mg)  which  have  the  tetragonal  bronze  structure.  The  results  of  this  investigation  provide  evi 
dcnce  that  the  triva'.ent  ions  are  located  on  the  S (j)  sites  of  the  bronze  structure  and  that  die  divalent  ions 
are  distributed  over  both  the  80')  and  2(c)  sites. 


Introduction 

Since  dePape’s  (I)  report  that  KFe11Fe‘"F, 
(K0.jFcF,)  has  the  tetragonal  bronze  structure 
(2),  there  have  been  prepared  a number  of 
similar  tetragonal  fluorides,  such  as  the 
materials  KAfllFellIF6  (M  = Mn,  Co,  Ni,  Zn, 
Mg)  and  KA/,,Cr,,,F6  (\1  = Mn.  Fe,  Co) 
reported  by  Hardy  ct  al.  ( 3 ). 

In  their  Mossbauer  effect  study  of  K0.<FeFj 
Buchanan  et  al.  (4)  infer  from  the  linewidth 
data  that  the  Fe3’  ions  are  on  equivalent  sites 
and  that  the  Fe2’  ions  are  distributed  over 
nonequivalent  sites.  Greenwood  et  al.  (5)  feel 
that  the  arguments  based  on  linewidth  data  are 
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not  convincing  because  their  4.2°  K 
Mossbauer  spectra  of  K0.4FeF,  (also  tetra 
gonal)  show  an  asymmetry  in  the  outer  lines  of 
the  Fe3’  magnetic  hyperfine  pattern  which 
they  interpret  as  evidence  that  the  Fe”  ions 
are  not  on  equivalent  sites,  or  at  the  very  least, 
not  equivalent  over  short  distances.  Both 
groups  are  restricted  to  interpretations  based 
on  linewidths  and  small  asymmetries  in  an 
otherwise  distinct  magnetic  hyperfine  pattern 
because  in  neither  their  room-  nor  their  low- 
temperature  spectra  is  there  direct  evidence  of 
absorption  profiles  arising  from  iron  ions  of 
like  charge  occupying  crystallographically 
nonequivalent  sites.  The  room-temperature 
spectra  of  K„.3FeFj  and  KniFeF,  can  be 
described  as  an  Fc3’  doublet  with  somewhat 
broadened  linewidths  and  an  Fe3’  doublet  with 
very  broad  symmetrical  absorption  profiles 
one  of  which  is  totally  unresolved  as  >t  is 
directly  superimposed  on  the  Fe1’  doublet.  At 
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low  temperatures  one  finds  a single  distinct 
Fe-1*  magnetic  hypernne  spectrum  and  a broad 
unresolved  Fe2*  spectrum. 

Wc  began  a Mossbaucr  effect  study  of 
selected  compositions  of  "tetragonal  bronze" 
fluorides  in  am  eiYon  to  obtain  direct  evidence 
for  the  distribution  cf  ions  originally  proposed 
by  Buchanan  ct  at.  which  we  believed  (6)  was 
consistent  with  the  limited  data  available.  We 
reasoned  that  if  the  Fe2"  ions  were  on  non- 
equivalent sites  as  proposed,  then  because  of 
the  sensitivity  of  the  Mossbaucr  parameters  of 
Fc:r  to  changes  in  the  local  environment  we 
might  be  able  to  p repare  “tetragonal  bronze" 
fluoride  ccm.r'os’ticr.s  in  which  the  d ‘Terences 
in  the  local  environments  of  the  S (J)  and  2(c) 
sites  would  be  sufficient  to  result  in  a 
Mossbauer  spectrum  in  which  the  contri- 
butions from  the  two  kinds  of  Fe2*  ions  are 
clearly  resolved.  By  comparing  the  areas  under 
the  resolved  spectra  we  could  obtain  a direct 
measure  of  the  relative  site  occupancy. 

Experimental 

The  tetragonal  materials  KA/II.,./1"F6  were 
prepared  by  the  method  previously  reported 
(6.  7). 

Mossbauer  effect  measurements  were  made 
on  samples  containing  10  mg  Fe/cm2,  using  a 
10-mc  Co57  in  Pd  source.  An  Elscint  spectro- 
meter (Mode!  MD-3  transducer  driven  by  a 
Model  MFG-3A  function  generator)  was  used 
in  the  constant  acceleration  mode  in  conjunc- 
tion with  a Northern  Scientific  Model  NS-900 
multichannel  analyzer.  The  spectrometer  was 
calibrated  with  an  a-iron  foil,  and  a sodium 
nitroprusside  standard  was  used  as  an  isomer 
shift  reference.  A Ricor  cryogenics  attachment 
was  used  for  measurements  at  77°K.  The 
spectra  were  computer  fitted  witli  the  NBS 
program  (5 ). 

Results 

A room-temperature  Mossbaucr  spectrum 
typical  of  the  samples  containing  Fe3'  and  no 
FeJ*  is  shown  in  Fig.  la.  All  the  Fe3+  spectra 


show  a doublet  with  linewidths  broader  than 
the  natural  li.nevidth.  The  room-temperature 
spectrum  of  K[Fe,j  4Mg„.jVF6  shown  in  Fig. 
Ib  dearly  shows  spectra  arising  from  two 
kinds  of  Fe2'  ions.  The  spectra  for  the  other 
samples  prepared  to  contain  Fe2"'  only  are 
similar  but  differ  in  details  such  as  the  degree 
of  overlap  of  the  t'vo  Fe2*  spectra  and  the 
relative  intensities  of  the  peaks.  The  spectrum 
of  K[Fe0.4Mn0.6]FeF4  which  contains  both 
Fe2'  and  Fe3"  is  similar  to  the  spectra  reported 
for  K0.jFeFj  and  K,-.4FeF,  with  the  exception 
that  the  higher  velocity  members  of  the  Fe2* 
profiles  are  resolved  and  do  not  combine  to 
form  a single  very  bread  symmetrical  ab- 
sorption. 

In  analyzing  the  data  we  used  the  curve- 
fitting routine  to  fit  only  the  absorption  pro- 
files that  were  clearly  present  to  visual  inspec- 
tion. Jhe  probable  errors  listed  along  wath  the 
data  in  Table  I are  determined  from  those 
calculated  for  the  various  parameters  of  these 
curves  as  fit  by  the  program.  Inspection  of  the 
area  fraction  data  for  the  Fe2*  spectra  reveals 
an  asymmetry  between  the  lower  velocity 
components  and  the  higher  velocity  compo- 
nents. This  asymmetry  is  due  to  the  presence 
of  an  unresolved  Fe3"  impurity  spectrum 
which  coincides  with  the  lower  velocity  com- 
ponents of  the  Fe2*  spectra.  At  77°K  this 
impurity  spectrum  can  be  partly  resolved,  the 
effect  being  most  pronounced  in  the  sample 
K.Fe|!4Mn”,CrI11F6  as  shown  in  Fig.  2.  In 
those  instances  where  the  overlap  of  Fe2*  and 
Fe3*  does  not  permit  resolution  of  the  compo- 
nent peaks,  only  approximate  values  of  peak 
position -dependent  parameters  (isomer  shift 
and  quadrupole  splitting)  are  listed  in  Table  I. 
These  are  identifiable  as  the  entries  made 
without  a corresponding  error  estimate.  How- 
ever, it  can  be  seen  that  the  isomer  shift  and 
quadrupole  splitting  values  are  typical  of  Fe3*- 
and  Fe2*-containing  fluorides.  The  higher 
velocity  components  of  the  Fe2*  spectra  are 
not  distorted  by  impurity  contributions  and  the 
ratios  listed  in  Table  II  can  be  used  as  a 
measure  of  the  relative  occupancy  of  the  Fe2* 
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Fio.  1.  Room  temperature  Fe”  Mossbauer  spectra  of  (a)  KCoFcF,,  and  (b)  KlFe,  4Mgu  6lVFs 


ions  on  the  nonequivalent  sites  of  the  tet- 
ragonal structures.  The  values  given  in  Table 
II  are  computed  by  taking  the  ratio  of  the 
larger  to  the  smaller  of  the  undistorted  higher 
velocity  Fe2+  absorptions. 

Discussion 

There  are  five  formula  units.  KAf'W'Fj, 
per  unit  cell  in  the  tetragonal  bronze  structure, 
and  the  ten  multivalent  ions  (i.e.,  5 A/11,  5 A/"1) 
per  unit  cell  fill  the  eight  8 (J)  and  two  2(c) 
sites.  If  there  is  no  site  preference  and  both  the 
divalent  and  trivalent  ions  distribute  them- 
selves randomly  over  the  available  sites,  then 
the  areas  under  the  two  Fe2+  spectra,  resulting 
from  Fe:+  on  two  different  sites,  should  be  in 
the  ratio  of  8:2.  If  the  multivalent  ions  are 
distributed  in  the  manner  proposed  by  Buc- 


hanan et  at.,  then  the  A/5'’’  ions  must  occupy 
five  of  the  eight  81  j)  sites  (per  unit  cell)  and  the 
A/2+  ions  must  then  fill  the  remaining  three 
80)  sites  and  two  2(c)  sites.  That  is,  if  there 
exists  the  site  preference  proposed  for  the  tri- 
valent and  divalent  ions,  then  the  areas  under 
the  Fe:+  absorptions  for  the  two  sites  should 
be  in  the  ratio  of  3:2,  such  a ratio  being 
obtainable  only  for  the  arrangement  of  ions 
proposed  by  Buchanan  et  al.  (provided  the 
Mossbauer  fractions  are  equivalent). 

We  see  in  Table  II  that  the  area  ratios 
measured  for  samples  in  which  two  FeJ* 
spectra  are  resolved  are  ~3  :2  for  three  of  the 
samples  and  5:4  for  the  remaining  two 
samples.  Thus,  the  data  clearly  indicate  that 
there  is  a site  preference  for  the  divalent  and 
trivalent  ions  and  the  area  ratios  measured 
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VS  BANKS,  TORRE  AND  DELL CA 


TABLE  1 

Room  Tkmhf.raurf  Mossbacer  P -\k  vmhtfrs^ 


Quadrupcvle 

Line 

Area  fraction 

K.V"WI1IF, 

Isomer  shift1' 

splitting 

haifv.iuths1’ 

of  tot  a! 

KZnFeF, 

0.764  (±0.013) 

0.504  (-0.022) 

0.426(±0.029) 

0.50 

0.440  (±0.029) 

0.50 

Ko.?lMno  4 1^6 

0.719  (±0.005) 

0.489  (±0.006) 

0.376  (±0.008) 

0.50 

0.368  (±0.008) 

0.50 

KMnFe  F, 

0.721  (±0.005) 

0.423  (±0.006) 

0.341  (±0.007) 

0.50 

0.333  (±0.007) 

0.50 

KMgFcF, 

0.716  (±0.005) 

0.527  (±0.006) 

0.447  (±0.007) 

0.50 

0.452  (±0.007) 

0.50 

KCoFcF. 

0.723  (±0.005) 

0.466  (±0.006) 

0.3S6  (±0.003) 

0.50 

0.379  (±0.008) 

0.50 

KFeVF4 

1.60 

2.21 

0.401  (±0.015) 

0.18 

0.426  (iC.UtO) 

0.  t9 

1.63 

1.38 

0.542  (±0.014) 

0.36 

0.489  (±0.015) 

0.2S 

KFeCrF, 

1.61 

2.10 

0.408  (±0.012) 

0.27 

0.421  (±0.013) 

0.25 

1.65 

1.47 

0.438  (±0.012) 

0.30 

0.388  (±0.015) 

0.13 

K(Fe0.4Mg„.JVF, 

1.73 

2.48 

0.451  (±0.013) 

0.26 

0.413  (±0.014) 

0.20 

1.63 

1.35 

0.488  (±0.013) 

0.29 

0.482  (±0.015) 

0.25 

K|rc0  ,Mn„  JCrF6 

1.61 

2.19 

0.J39  (±U.D  i 4) 

U.43 

0.337  (±0.017) 

0.20 

1.67 

1.49 

0.406  (±0.013) 

0.32 

0.428  (±0.023) 

0.16 

K[Fe04N!n,.,lFcF4 

0.72  (FeJ-) 

0.42 

0.358  (±0.006) 

0.42 

0.337  (±0.006) 

0.38 

-(FcJ>) 

0.421  (±0.012) 

0.08 

0.393  (±0.014) 

0.12 

— (Fe:*) 

— 

Unresolved 

— 

0.421  (±0.012) 

0.08 

— (Fe!*) 

Unresolved 

0.393  (±0.014) 

0.12 

a All  values  in  mm-scc-1. 
h Relative  to  sodium  nitroprusside. 
c Lower  velocity  member  listed  first. 


equal  or  are  close  to  those  predicted  by  the 
model  of  Buchanan  et  al. 

The  broader  than  normal  linewidlhs  obser- 
ved for  the  FeJ+  and  Fe:*  Mossbauer  spectra 
arc  consistent  with  this  interpretation.  We 
have  observed  similar  linewidths  ( 6 ) in  our 
studies  of  the  modified  pyrochlores 
AA/1,iVf,,,F6  which  have  cubic  structures  in 
which  the  trivalent  and  divalent  ions  are  distri- 
buted over  the  structurally  equivalent  16(c) 


sites.  Consideration  of  the  tetragonal  bronze 
structure  (2)  (the  Z = 1 plane  is  especially 
illustrative  of  this  point)  reveals  that  ions  on 
the  8 (J)  sites  have  as  nearest-neighbor  multi- 
valent cations  ions  on  both  8 (J)  and  2(c)  sites. 
The  same  is  true  for  cations  on  the  2(c)  sites. 
With  both  \fi¥  and  .V/:+  ions  distributed  over 
the  8 O')  sites  and  M2‘  ions  on  the  2(c)  sites 
one  would  not  expect  the  local  symmetry  to  be 
identical  for  all  8 (j)  sites  (or  for  all  2(c)  sites) 
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TABLE  II 


Area  Ratios  between  H’oi 
i Components  of  the  Fe: 

Vtl.OCITY 

SPECTKA 

» 

Area  ratio 

, KFeVF, 

0.28/0.19  = 1.47 

KFeCrF, 

0.25/0.18  = 1.40 

4 1 KlFett.4Mg0.t|VFt 

0.25/0.20  = 1.25 

K(Fe04Mn,  JCrF4 

0.20/0.16=  1.25 

K(Fe01Mn0jFeF6 

1 , 

0.12/0.08  = 1.50 

even  though  we  consider  tl’.em  structurally 
equivalent.  We  have  a situation  analogous  to 
that  occurring  in  the  modified  pyrochlores  and 
this  variation  in  loc  i site  symmetries  is 

reflected  in  the  broadened  linewidths,  and 
explains  the  slight  asymmetry  in  the  Fe3+ 
magnetic  hyperfine  pattern  reported  for 


K0.4FeF,  by  Greenwood  et  al.  without  requir- 
ing that  the  Fe3+  ions  be  distributed  on 
crystallographically  nonequivalent  siies. 

In  our  study  of  tluorides  having  the  "tetra- 
gonal bronze”  structure  we  have  prepared 
compositions  for  which  the  Mossbauer  spectra 
clearly  show  the  presence  of  two  kinds  of  Fe24. 
Tire  area  ratios  of  these  resolved  absorptions 
provide  a quantitative  demonstration  of  the 
site  distribution  of  Fe2*  in  these  materials 
which  could  only  be  inferred  by  Buchanan  et 
al.  from  the  very  large  linewidths  observed  for 
the  Fe2"  absorption  in  K0SFeF,.  We  have  also 
shown  that  a careful  analysis  of  the  conse- 
quences of  such  a distribution  of  ions  in  the 

broadened  linewidths  observed  tut  a'so 
removes  the  apparent  discrepancy  betw  een  the 
work  of  Buchanan  et  al.  and  Greenwood  et  al. 


0 «r.' iV. 


J-  ' • 


i m i i i i 


-10  12  3 4 

VELOCITY  { MM/SEC) 

Fig.  2.  The  77°  K Fe!’  Mossbauer  spectrum  of  KlFCj  ,Mn0,]CrF,. 
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U should  be  noted  that  whereas  a sit?  pre- 
fm-cnce  does  exist  in  the  tetragonal  bronze 
fluorides  additional  studies  are  required  to 
determine  if  the  mechanism  of  site  preference 
is  determined  by  the  properties  of  the  divalent 
or  tri valent  ions. 
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Abstract 

• A specimen  of  flux-grown  Kn  (Mn, Fe) F-  was  studied  at 
room  temperature  by  single  crystal  X-ray  dif fractometry . The 
crystal  has  a structure  of  the  tetragonal  tungsten  bronze  type  with 
a doubled  c axis.  The  unit  cell  parameters  are  a = 12.765(1)  S, 
c = 8.002(1)  &,  and  the  space  group  is  P42t>c.  Least-squares 
refinement  was  carried  out  with  2395  symmetry-independent 
reflections  collected  with  an  automatic  diffractometer  (Mo-Ka 

12  2 I . I 2 

F -kF  /IF  ) is  0.049, 
o c 1 • o 

witn  anisotropic  thermal  parameters.  In  the  structure,  potassium 

atoms  fully  occupy  pentagonal  (CN  = 15)  sites  and  partially  occupy 

tetragonal  (CN  = 12)  sites.  The  transition  metal  ions  occupy 

three  different  kinds  of  octahedra.  The  mean  M-F  distances  in 
★ 
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each  octahedron  are:  2.100  A for  M(l)-F,  1.939  £ for  M(2)-F, 
and  1.995  £ for  M(3)-F.  These  distances  indicate  that  the 


2 + 

M(l)  sites  are  mainly  occupied  by  bivalent  ions,  chiefly  Mn  , 


the  M(2)  sites  by  Fe3+  and  the  M(3)  sites  by  Mn^  and  FeJ+. 


3 + 


Introduction 

In  recent  years,  considerable  attention  has  been  focused 
on  ternary  metal  fluorides  of  the  general  type  A . F,, 

XX  \ J-  ”X  ) j 

where  A is  an  alkali  metal  and  M11  and  M111  may  be  the  same  or 
different  transition  metal  ions  (Babel,  Pausewang  and  Viebahn  (1967), 

Babel  (1972),  and  DePape  (1965)).  Interest  in  these  compounds 

has  been  from  the  viewpoint  of  studying  the  nature  of  magnetic 

ordering,  and,  in  the  case  where  the  bivalent  and  tervalent  ions 

are  of  the  same  element,  the  possibility  of  metallic  conductivity 

by  delocalization  of  the  electrons  over  the  crystallographic  sites. 

No  such  cases  have  yet  been  discovered. 

The  potassium  compounds  in  these  series  all  show  a phase 

having  the  "tetragonal  bronze"  structure  in  the  homogeneity  range 

0.4  £ x £ 0.6,  which  has  been  studied,  in  the  system  K FeF,,  by 

DePape  (1965).  The  only  single  crystal  X-ray  study  yet  reported  was  by 

Hardy,  Hardy  and  Ferey  (1973)  who  proposed  a structure  for 

K„  ,-FeF-,  based  on  an  orthorhombic  cell  of  dimensions  a = 12.750  £, 

0.6  3 

b = 12.637  £,  c = 3.986  £.  This  is  a slightly  distorted  version 

I 

of  the  tetragonal  cell  found  in  K^WO^  (Magr.eli  (1950a)). 

In  the  tetragonal  bronze  type  structure,  potassium  ions 


are  distributed  over  sites  which  lie  in  the  pentagonal  and 


tetragonal  tunnels  formed  by  a network  of  corner-sharing  octahedra 
centered  on  the  transition  metal  ions  (Figure  1).  The 
coordination  number  of  anions  about  the  potassium  ions  is  15  for 
the  pentagonal  tunnel  site  and  12  for  the  site  in  the  tetragonal 
tunnel,  the  latter  environment  being  the  same  as  is  found  in  the 
perovskite  structure  for  the  large  cations.  Ferey  (1977)  has 
found  that  the  potassium  ions  in  Kn  FeF,  completely  occupy  the 
pentagonal  sites  and  half  fill  the  tetragonal  sites. 

Experimental 

The  crystals  were  grown  from  molten  potassium  chloride 
flux,  (Perez  1972)  using  a powdered  sample  of  KMnFeF,  previously 

O 

prepared  by  solid  state  reaction  of  the  simple  fluorides  in  a 

sealed  platinum  capsule  in  an  argon  atmosphere.  The  flux 

o 

mixture  was  heated  to  900  C in  a Pt  crucible  under  argon  and 

cooled  at  5°C/hr  to  300°C.  After  cooling,  dark  brown  and 

transparent  crystals  were  recovered  by  washing  out  the  flux. 

Powder  samples  of  KMnFeF^  and  melts  prepared  in  sealed  graphite 

crucibles  were  much  less  deeply  colored.  We  believe  the  color  is 

3+  2 + 

due  to  the  reduction  of  some  Fe  to  Fe  by  chloride  ions  in  the 
flux,  thereby  increasing  the  ratio  of  bivalent  to  tervalent  ions 
in  the  melt,  causing  the  increased  value  of  x determined  in  the 
X-ray  refinement.  A suitable  crystal  was  selected  and  mounted  on 
a goniometer.  Precession  photographs  (Mo-Ka  radiation)  showed 
these  crystals  to  have  a superstructure  of  the  tetragonal  bronze 
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unit  cell,  with  the  tetragonal  a axis  unchanged,  but  doubling 
the  £ axis. 

A crystal  of  parallelepiped  shape  0.11  x 0.11  x 0.35  mm 
was  mounted  on  an  Enraf-Nonius  CAD-4  automatic  diffractometer. 
Three  dimensional  intensity  data  for  a total  of  7088  reflections, 
using  Mo  Ka  radiation  up  to  sin  0/A  = 0.90  were  collected  from 
the  quadrant  with  h a 0 and  £ 2 0.  Data  were  corrected  for 
Lorentz,  polarization  and  absorption  effects  and  symmetry 
equivalent  points  were  merged,  = .03,  to  yield  2397  unique 
intensities.  The  unit  cell  parameters  and  their  estimated 
standard  deviations  were  obtained  by  the  least-squares  method, 
using  the  29  values  of  12  high  angle  reflections.  These  are 
shown  with  other  crystal  data  in  Table  1. 


Table  1 - Crystal  Data  for  K_  _ (Mn,Fe)F, 

U • 34  J 


Space  group  P42t>c 

a = 12.765(1)  £ 
o 

c = 8.002(1)  £ 

o 


Z = 20;  u 


MoK„ 


62.75  cm 


-1 


Structure  Determination  and  Refinement 
From  the  systematic  extinctions  (hh4,  £/2n;  hO-t,  h/2n; 


hOO,  h/2n;  00^,  i^2n) , the  crystal  has  a space  group  of  P42bc 

or  P42/mbc.  Starting  with  the  atomic  coordinates  determined  for 

Kn  £WO.  by  Magneli  (1950a)  least-squares  refinements  were  carrie 
0*6  3 


out  for  both  space  groups,  using  mean  values  of  the  scattering 


factors  for  iron  and  manganese  (Doyle  and  Turner,  1968),  with  fixed 

isotropic  temperature  factors  of  1.5  X2  for  K,  0.4  X2  for  Mn  and 

Fe  and  2.0  X2  for  fluorine.  This  calculation  yielded  R factors 

of  0.151  for  P42bc  and  0.248  for  P42/mbc.  Parallel  refinements 

in  both  groups  were  conducted  and  the  eventual  selection  (see 

I 2 2 2|  2 

below)  was  for  P42bc.  The  function  minimized  was  Z w | Fq  -k  | , 

-12  2 2 

where  k is  a scale  factor  and  w = a + (0.01  F ) + 

c o 

2 2 2 2 
[0.01  (Fq  -F  /A)  ] . In  this  expression  is  the  counting 

statistics  variance  corrected  for  Lp  and  absorption;  A is  the 

transmission  coefficient,  using  the  atomic  coordinates  from  the 

initial  refinements,  electron-density  and  difference  electron- 

density  syntheses  were  calculated  to  determine  the  potassium 

site  occupancy.  Finally,  a full-matrix  least-squares  refinement 

was  done,  varying  atomic  coordinates,  multiplicities  of  potassium 

atoms,  anisotropic  thermal  parameters  for  all  atoms,  and  an 

extinction  parameter. 

The  refinement  (in  P42bc)  converged  to  a final  R value 
(i|fo2-Fc2  J/l  I fJ2 ) = 0.049  for  2395  reflections  (002  and  004 
reflections  showed  exceptionally  poor  agreement,  which  could  not 
be  accommodated  by  refining  an  isotropic  extinction  term  and 
they  were  therefore  excluded) . The  final  weighted  R factor 


R,„  = (T  w|  FQ2-k2Fc2|  2/Z  w 


2 I 2^ 


) was  0.054. 


Trial  least-squares  refinements  in  space  group  P42/mbc 
were  conducted,  resulting  in  values  of  R = 0.  65  and  Rw  = 


0.098 
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According  to  a standard  significance  test  (Hamilton,  1965)  the 
non-centric  group  (P^bc)  is  the  most  probable  at  the  0.995 
acceptance  level. 

A tabulation  of  calculated  and  observed  structure  factors 
and  of  anisotropic  thermal  parameters  is  available*.  Final 
atomic  coordinates  are  listed  in  Table  2. 

Results  and  Discussion 

Figure  1 is  a projection  along  the  c axis  of  half  the 
unit  cell,  having  the  familiar  "tetragonal  bronze"  structure. 

The  manganese  and  iron  atoms  are  in  octahedral  sites  surrounded 
by  fluoride  ions.  There  are  three  different  octahedral  sites, 
designated  M(l),  M(2)  and  M(3)  (see  Table  4).  The  latter  sites 
are  stacked  above  each  other  along  the  c axis,  while  the  M(l) 
and  M(2)  sites  alternate  along  that  axis,  giving  rise  to  the 
observed  doubling  of  the  c axis  (Fig.  2).  The  potassium  atoms 
occupy  two  kinds  of  sites  (Table  3);  K(l)  atoms  are  in  tetragonal 
holes  in  an  environment  like  that  in  the  perovskite  structure 
(CN  - 12)  while  K(2)  atoms  are  in  pentagonal  holes  (CN  - 15) 

(Fig.  3).  The  occupancy  factor  for  the  K(l)  sites  was  0.70  in 
the  refinement  and  in  the  K(2)  sites  it  was  1.0.  On  the  basis 
of  these  occupancy  numbers,  the  chemical  composition  is  suggested 
to  be  K-  (Mn, Fe) F- . The  observed  preferential  filling  of  the 

U • j 

*A  tabulation  of  structu  a factors  and  anisotropic  thermal  para- 
meters has  been  deposit  d as  Supplementary  Publication  No. 
SUPOOOOO  (13  pp.)  with  whe  British  Library  Lending  Division. 
Copies  may  be  obtained  from  the  Executive  Secretary,  Inter- 
national Union  of  Crystallography,  13  White  Friars,  Chester 
CHl  lNZ,  England. 


pentagonal  sites  has  previously  been  found  in  ?bNb_0_  (Labbe, 

2 o 

Frey  and  Allais.  1973)  where  the  Pb  atoms  were  found  to  occupy 
all  the  pentagonal  sites  and  half  the  tetragonal  sites.  It 
would  appear  that  it  is  necessary  to  fill  the  pentagonal  sites 
in  order  to  stabilize  this  structure  type;  this  may  account  for 
the  lower  limit  of  x = 0.4  which  is  found  for  the  homogeneity 
range  of  this  phase  in  systems  as  diverse  as  the  potass ium 
tungsten  bronzes  and  the  mixed  potassium  transition  metal 
fluorides  of  the  type  under  present  discussion.  One  apparent 
exception  to  this  rule  is  the  homogeneity  range  (0.28  s x s 9.38) 
found  for  this  structure  in  Na  WO-  (Ribnick,  Post  and  Banks,  1963; 
Magneli,  (1950b).  Ecru i librium  preparations  of  Na  WO,  have  a cubic 

X J 

perovskite  structure  above  x s:  0.4.  Crystals  have  been  prepared 
electrolytically  which  retain  the  tetragonal  structure  at  higher 
sodium  content.  With  such  crystals,  Takusagawa  and  Jacobson  (1976) 
studied  the  structures  of  Na  WO.  and  Na  W 0,,  reporting  that 
sodium  atoms  preferentially  occupy  the  pentagonal  sites,  which 
are  completely  filled  at  x = 0.48,  the  remaining  atoms  partially 
occupying  the  tetragonal  (perovskite-like)  sites.  As  noted  in 
the  Introduction,  Ferey  (1977)  has  found  a similar  situation  in 
Kq  ^FeF^*  The  only  exception  known  to  the  authors  to 
preferential  occupancy  of  the  pentagonal  sites  in  this  structure 

I 

i3  the  report  by  Brusset,  Gillier-Pandraud  and  Mahe  (1970)  on 


Q<7Ba0  3Nb20g,  where  the  tetragonal  sites 


the  st.ucture  of  Pb 


i 


L 
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are  preferentially  occupied. 

The  potassium-fluorine  distances  in  the  "tetragonal " 

o 

K ( 1 ) sites  (Table  3^  average  to  2.S32  A,  which  compares  reasonably 

to  the  sum  of  ionic  radii  (Shannon  and  Prewitt,  1969)  for  12- 

coordinate  potassium  and  4-coordinate  fluorine  (each  fluorine  in 

this  structure  has  two  transition  metal  and  two  potassium 

neighbors).  In  the  pentagonal  positions,  K(2)-  there  are  seven 

K-F  distances  less  than  3.10  X,  as  shown  in  Figure  2.  The 

distances  from  K ( 2 ) to  fluorine  F(2),  F(3),  F(6)  and  F(7)  range 

from  3.215  to  3.579  X,  much  larger  than  the  maximum  sum  of  ionic 

radii,  even  with  allowance  for  15-  coordination.  The  coordination 

polyhedron  about  K(2)  is  therefore  a trigonal  prism  with  one 

rectangular  face  capped.  This  was  also  found  in  Kn  cFeF_  by 

f u • o j 

Hardy,  et  al.  (1973). 

The  distances  in  the  three  octahedral  sites  permit  some 
conclusions  about  the  distribution  of  bivalent  and  tervalent 
transition  metal  ions  in  the  structure.  The  mean  M-F  distances 
are  2.100  X for  the  M(l)  site,  1.939  X for  the  M(2)  site,  and 
1.995  X for  the  M(3)  site.  Radius  sums  for  6-ccordinate  high- 
spin  Mn^+  and  Fe^  + with  2-coordinate  F give  values  of  2.105  X and 
1.930  X,  respectively,  and  the  mean  radius  of  Mn^+  and  Fe^ 
gives  a value  of  2.018  X.  These  agree  remarkably  well  with  the 
observed  distances  and  we  therefore  postulate  that  the  M(l)  site 
is  primarily  occupied  by  bivalent  ions,  M(2)  by  tervalent  ions 


(Fe2+)  and  the  M(3)  site  is  occupied  by  a mixture  of  bivalent 

II 

and  tervalent  ions.  A recent  Mossbauer  study  of  site  preferences 
2+  2 + 

of  Mn  and  Fe  in  a series  of  tetragonal  bronze  type  fluorides 

(Banks,  Torre,  DeLuca,  1977)  showed  that  Fe2  strongly  preferred 

the  2c  site  (in  P4/mbm,  corresponding  to  the  present  M(3)  site) 

2 2 ^ 2 ^ 3 ^ 

in  competition  with  Mn  , in  Kn  _Fe_  ~Mnn  ,FeA  cF->-  If  this 
* 0.50.20.30.53 

2 + 

site  preference  is  present  here,  the  presence  of  Fe  on  these 

2 + 

sites  in  preference  to  Mn  may  explain  the  shorter  M(3)-F 

distance  and  the  longer  M(2)-F  distance,  relative  to  the 

2+  3 + 

distances  calculated  using  Mn  and  Fe  radii. 

The  z parameters  of  the  atoms  in  Table  2 indicate  that 
the  substance  is  probably  ferroelectric.  With  the  M(3)  atom 
fixed  at  z = 0,  the  other  metal  atoms  show  negligible  displace- 
ments from  that  value,  whereas  five  fluorine  atoms  show  average 
displacements  of  about  0.008  & in  the  positive  z direction,  two 
(F(l)  and  F(8))  show  no  significant  displacement  and  only  one 
( F ( 3 ) ) has  a significant  negative  displacement.  The  resulting  net 
charge  displacement  should  produce  a spontaneous  polarization. 

We  have  not  yet  been  able  to  test  for  ferroelectricity,  and  the 
strong  light  absorption  of  the  material  makes  it  impossible  to 
test  for  second  harmonic  generation. 
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Table  2. 


Final  Atomic  Coordinates  for  Kq  ^(Mn.Fe^^ 


Estimated  Standard  Deviations  Given  in  Parentheses 
Refer  to  the  Last  Significant  Digit 


Position  x £ 


K-l* 

4a 

0.0000 

0.0000 

0.2503(8) 

:<-2 

8c 

0.1695(2) 

0.6728(2) 

0.2501(7) 

M-l 

8c 

0.0758(0) 

0.2144(0) 

-0.0004(4) 

M-2 

8c 

0.2901(0) 

0.4244(0) 

0.0000(4) 

M-3 

4b 

0.0000 

0.5000 

0.0000 

F-l 

4 b 

0.0000 

0.5000  „ 

0.2509(15) 

F-2 

8c 

0.0783(4) 

0.2099(5) 

0.2620(13 ) 

F-3 

8c 

0.9221(5) 

0.7949(4) 

0.7416(13) 

F-4 

Sc 

0.9827(2) 

0.3462(2) 

0.0074(12) 

F-5 

8c 

0.3430(2) 

0.9962(2) 

0.0066(14) 

F-6 

8c 

0.1483(2) 

0.0650(2) 

0.0059(13) 

F-7 

8c 

0.0704(2) 

0.8650(1) 

0.0075(12) 

F-8 

8c 

0.2732(1) 

0.7842(1) 

-0.0007(10) 

•k 

Occupies 

0.7  of 

4a  sites.  All 

other  sites  ; 

fully  occupied. 

Table  3. 


The 

K ( 1) -F 

Distances  in 

Tetraccnal  Site 

2x 

K(l)-F(7) 

2.748(6) 

X 

2x 

K ( 1) -F ( 7 1 ) 

2.330(7) 

2x 

K( 1) -F (6 ) 

2.845(6) 

2x 

K ( 1) -F ( 6 ' ) 

2.908(7) 

2x 

K( 1) -F  (2 ) 

2.361(5) 

2x 

K ( 1 ) -F ( 3 ) 

2.801(4) 

Mean 

K ( 1 ) -F 

2.832  X 

The 

K ( 2 ) -F 

Distances  in 

Per.taocna 

1 S it  e 

K(2 ) -F (4 ) 

2.86  7(5) 

X • 

K(2 ) -F (4 ' ) 

2.758(5) 

K(2 ) -F ( 5 ) 

2.984(6) 

K(2 ) -F ( 5 ' ) 

3.025(7) 

K (2  ) -F  ( 3 ) 

2.792  (6) 

K (2) -F (8  ' ) 

2.786(7) 

K(2 ) -F ( 1 ) 

3.090(4) 

Mean 

K(2 ) -F 

2.900  8 

K (2 ) -F (6 ) 

3.335(6) 

X 

K(2) -F (6 ’ ) 

3.344(6) 

K(2 ) -F (7) 

3.375(5) 

K(2 ) -F (7 1 ) 

3.490(5) 

K (2 ) -F ( 2 ) 

3.256(7) 

K(2)-F(2') 

3.531(3) 

K(2)-F(3) 

3.215(5) 

K(2)-F(3') 

3.579(8) 

Mean 


K(2)-F 


3.337 


Table  4. 


The  M-F  Distances  in  Octahedral  Site 


MILL 

Octahedra 

M(l)-F2 

2.101(8)  8 

M ( 1) — F3 

2.068(8) 

M(l)-F4 

2.061(2) 

M(l)-F6 

2.120(2) 

M(l)-F7 

2.125(2) 

M ( 1) -F8 

2.124(2) 

Mean 

M( 1) -F 

2.100  8 

M(  2 ) 

Octahedra 

M(2)-F2 

1.905(8)  8 

- 

M(2)-F3 

1.934(7) 

M(  2 ) -F5 

1.931(2) 

M(2) -F6 

1.960(2) 

M(2)-F7 

1.937(2) 

M(2)-F9 

1.964(2) 

Mean 

M(  2 ) -F 

1.939  8 

M(  3 ) 

Octahedra 

M(3)-Fl 

2.007(10)  8 

M ( 3 ) -Fl 

t 

M(  3 ) -F4 

1.994(10) 

2x 

1.977(2) 

2x 

M( 3) -F5 

2.006(2) 

Mean  M(3)-F 


1.995  8 


Figure  Captions 

Figure  1 - One  layer  of  connected  octahedra  viewed  in  the  c 
direction.  Transition  metal  sites  1,  2 and  3 are 
indicated.  Sites  1 and  2 alternate  in  successive 
layers,  sites  3 stack  above  one  another. 

Potassium  ions  K(l)  are  in  the  square  tunnels  and 
K(2)  in  the  pentagonal  tunnels.  Probability  ellipsoids 
are  drawn  at  the  30%  level. 

Figure  2 - An  illustration  of  two  chains  of  connected 
octahedra  viewed  along  a < 110  > direction. 

The  fluorine  atoms  are  numbered. 


Figure  3 - A view  along  c of  the  first  and  second 

neighboring  fluorine  ions  for  a K(2)  ion. 
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The  Crystal  Structure  of  Kg  ^(MnjFejF^ 
at  Room  Temperature 


by 
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The  quantities  tabulated  are  h,  k,  Fq  , a^,  2>  311,1  Fc  • Th® 

o 

amplitudes  are  on  the  absolute  scale. 

This  table  comprises  13  pages. 
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ABSTRACT 

Single  crystals  of  Cel”,  doubly  doped  with  YbFr,  and  ErFj  efficiently  con- 
vert infrared  radiation  (—0.93  i>rri)  from  a Si: GaAs  diode  to  ltd  and  green 
light.  By  varying  the  Yb  concentration,  phosphors  ht-we  been  made  which 
produce  a red  or  green  visual  response.  For  tire  series  of  crystal  samples  of 
CdF«:  l"'  ErF.,:  i-10%  YbF.!  studied:  at_  YbPy  concentrations  below  3%.  only 
red  Sr®*  emission  peaks  were  obs-  . ved  (hirC-SilhOA) ; at  3\3  YbF:;,  red  and 
green  spectra  (63f.'0-57Ci)A)  were  observed,  the  green  bands  being  much  less 
intense:  the  most  intense  phosphor  contained  10  mole  percent  (m/oi  Yb3'’’, 
and  the  green  intensity  '-'as  an  order  of  msgr.iuide  higher  than  the  b Charge 
compensation  oy  K-iF  of  the  rtte  err’.!',  ion;  ir.  CdFj:l%  EiTsilO'/.  yt£, 

the  absorption  band  at  37d  r.ra,  .n  agreement  with  previous  studies  of  the 
absorption  spectra  properties  of  the  VoF-yCdF;  system  1 1).  Re-ent  results  of  :!,F 
KMR  of  single  crystals  of  Cdi'j  containing  high  concentrations  of  Y'br.i  and 
ErF;,  respectively,  indicate  that  most  of  the  rare  earth  ions  and  their  asso- 
ciated interstitial  fluorides  are  found  in  dimers  in  the  crvstal  Cl). 

The  intense  absorption  band  observed  at  973  am  in  Yb3* -doped  CdF'j  can  be 
assigned  to  this  dimer,  which  is  destroyed  by  the  use  of  Xa~  as  a charge 
compensator  in  place  of  interstitial  fluoride,  the  native  charge  compensating 
defect.  Similarly,  as  the  accepted  mechanism  of  the  infre.rcd-to-visible  con- 
version ir  the  Yb1*  ser.ru.eeci  Fr  • active;,  d systems  involves  L.e  t:r.n.  .er 
of  two  infrared  photons  from  Yh-~  t,  hr—,  ; hesrher  en.irsicn  by  diode  ex- 
citation will  decrease  when  Inc-  (M3*-F-);  complex  is  destroyed  by  NaF 
subs  11  tulioii.  The  S7G  1 1 tn  suu.ig  au.'Uipnou  beu.u  was  also  observed  in  s an.p.es 
(10%  Yb,  1%  Er)  prepared  with  1-50  tr./o  of  CuF^  substituted  for  CdFj 
without  appreciable  decrease  in  the  intensity;  however  the  emission  intensities 
of  both  green  ar.d  red  bands  were  significantly  enhanced  for  all  of  the  samples 
codoped  with  C'aF;.  There  eppears  to  be  a rdat-.-au  for  the  compositions  1.5-3% 
CaFj  and  a decrease  in  the  4.5  and  10%  Ca’.A  samples.  Of  ail  trie  materials  in- 
vestigated to  date.  YF:i  and  Ba Y i";  ccdoped  with  Yb®*  ar.d  hr3*  are  reported 
to  be  the  most  efficient  upconverting  systems  with  a quantum  efficiency  be- 
tween 10— 1 and  10-4  ( >.  = 0.97  .in,.  The  quantum  efficiency  of  Cell j:  107c 
YbFs:  1%  ErF3  is  found  to  be  0.23%  and  that  of  Ccifh:  10%  YbF -t:  1%  ErF>  2 5% 
CaF_\  0.70%.  These  values  were  obtained  under  intense  excitation  with  a GaAs 
diode.  Lower  values  might  be  found  at  lower  excitation  densities. 


Infrared  excited  visible  fluorescence  has  attracted 
considerable  attention  in  recent  years  (1-5).  In  com- 
bination with  GaAs:  Si  diodes  emitting  in  the  near 
infrared  (0.91-1  urn),  phosphor  materials  capable  of 
converting  infrared  to  visible  light  are  potential  dis- 
play or  infrared  detecting  devices. 

All  the  known  phosphors  of  this  class  use  trivalent 
rare  earth  ions.  The  systems  which  produce  the  bright- 
est visible  light  use  Yb3  + as  the  sensitizer  with  Er3*, 
Ho3*,  or  Tm3*  as  the  activator.  The  host  crystals  in 
which  the  most  efficient  upconversion  has  been  ob- 
tained are  YFn.  BaYFs.  LaF3,  and  o-NdYF4.  doped  with 
Yb3*'  and  Er3*.  The  Yb3*  ions  can  absorb  the  GaAs 
infrared  emission  and  are  able  to  transfer  most  of  the 
energy  to  Er3*  ions,  both  in  their  ground  state  and 
excited  stats,  which  then  emit  the  green  or  red  de- 
pending on  concentration  and  the  host  crystal.  Simi- 
larly, Y’b3 * in  combination  with  Ho3-'  upeonveGs  iti 
the  green  or  rod  end  Y’b3*  with  Tm3  r in  the  appro- 
priate host  crystals  upconverts  in  the  blue. 

In  the  first  part  ot  this  paper  a bnef  review  of  the 
spectroscopic  properties  of  CuFj  doped  with  small 
concentrations  of  YbF  is  presented.  The  infrared  visi- 
ble upconverting  properties  of  CdF,.:  Yu:  Er  system  are 
then  discussed  in  detail. 

• Cleclrothcrtca!  Society  Active  Me, Veer. 
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CdFjtYbFj — The  976  r,m  bond 

CdF.  has  the  fluorite  structure  (Fm3.rO  of  CaF: 
shown  in  Fig.  1.  This  may  be  visualized  as  a cubic  lat- 
tice of  fluoride  ions  in  which  every  other  b*~iy  center 
position  is  occupied  by  divalent  cadmium.  Rare  earth 
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$ R.E?f  Ira  Si:l,sticutiwn»Uy  la  a CcT*  Poslrloa 
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icr.s  can  enter  the  lattice  substitutionully  nt  ti:e  CJ-* 
sites.  Corr.p''nsr.ion  for  the  excess  charge  of  the  trtposi- 
tive  rare  ear  th  ions  ir.  CdF*  has  been  shown  to  occur 
by  the  irxo:  porr.ron  of  fluoride  ions  into  the  inter  Mi- 
ttal sites  (S'.  The  interstitial  fluoiia.?  ion  is  either  a 


rare  earth  : > reduced  to  tetragonal,  or  the  inters  i.ial 
fluorides  may  to  r.t  a distance  front  the  rare  carta  ion. 
thus  preserving  the  cubic  s>  mare  try  of  the  EE  site. 
Charge  compensation  can  .also  bo  attained  by  the  in- 
troduction of  univalent  ions,  such  as  Na*.  for  each 
trivalont  ion.  The  nearest  neighbor  Cd-  * sites  arc  in 
1110]  directions,  sr.d  if  the  compensating  Na*  goes  into 
one  of  these  positions  the  symmetry  around  the  RE 
is  reduced  to  orthorhombic. 

The  absoption  spectrum  of  CdFjtO.l  Yfc,+  single 
crystals  eras  found  to  be  unusual  t7);  the  spectrum 
consists  of  an  intense  band  at  376  nr.  and  a less  intense 
broad  band  absorption  extending  to  about  900  nrn.  As 
NaF  was  added  to  the  CdF.:  Yb1  T system  the  intensity 
of  the  376  r.m  band  deeiensed.  A sample  containing 
sufficient  sodium  for  complete  charge  compensation 
showed  a spectrum  which  resembled  that  of  Y'b'~  in 
other  solids,  c.g.,  yttrium  gallium  garnet,  YoCl*  • 6H.O, 
or  C:IY  Tiii;  spectrum  const  its  mainly  of  a sharp  line 

,i.  ...  it.it  .....i  - i.  ...  ...  --  n;.t  <o,’.  -r. 

Fig.  2.  the  energy  level  diagram  of  Yb;*  in  CdF;  and 
CaF;  is  shown  ( 3 ) . On.  the  basis  of  the  oscillator 
strength  of  the  absorption  bands  as  well  as  the  expected 
crystal  field  splitting  of  states  in  a cubic  environment, 
Abbrumato  c;  at.  assigned  the  002  r.m  band  to  the  i'-  -* 
1'/  ar.d  the  929  band  as  due  to  hr  — IV  transitions.  They 
showed  that  the  976  r.m.  band  cannot  be  part  ot  a 
cubic  or  r.oroubic  .pectrum  o:  isc!a‘ed  \'b!*  ions  in 
CdF*.  In  adetiron.  ESP.  meastuemer.ts  of  CdF;:  Yb  ; ' 
showed  only  sites  . 1 r. . . ■ c symmetry.  "mile  tne  EsA 
of  CdFj:Yb!+:Xa*  indicated  Yb3-r  in  both  cubic  and 
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ducting  l r.d  colored.  Apparently  the  interstitial  fluorides 
migrate  to  the  surface  and  oxidize  Cd.  The  liberated 
electrons  do  not  reduce  the  rare  earth  (except  2u) 
but  remain  in  a diffuse  state  over  the  12  nearest  neigh- 
bor CdJ~  ions.  If  C;i2t  is  added  the  semiconducting 
property  decreases  until  at  2 A Ca?;.  it  disappears 
completely  (11).  On  the  basis  of  the  above  evidence 
Ahbruscato  ct  al.  postulated  that  the  976  nm  band  in 
CdFjtYb3*  is  not  an  f-f  transition  but  might  be  due 
to  some  center  involving  Yb1*  ar.d  interstitial  F", 
Yb‘*-Yb’~  interactions  via  interstitial  F~  or  some 
similar  defect. 

'T  lin'i  r-  ■ - ,y!,i - 

The  !8F  '.'MR  measurement  of  CdF..  doped  with 
EH*  and  Y'b  * was  undertaken  in  the  hour  o:  dr. ding 
further  evidence  fer  the  mechanism  responsible  for 
the  unusual  properties  of  CdF.  doped  with  rare  earth 
ions.  Ir.  addition  to  the  main  resonance  front  the  bulk 
of  the  lattice  fluorides,  weaker  anisotropic  resonances 
for  two  types  oi  fluoride  ions  were  detected  M2.  13); 
one  having  ax.al  symmetry  about  tne  [HI]  axes  and 
the  other  one  with  its  symmetry  axis  along  the  M 
axis.  The  [111]  resonances  were  iu.r.t.flod  as  t..e  InttUc 
fluorides  adjacent  to  one  rare  e...'r.  ion.  The 
resonance  con  only  aiise  item  tne  m.er.-Ut.tu  "u.u.  es 
(see  Fig.  1)  and  their  intensity  indicates  that  this 
resonance  accounts  for  nearly  ail  the  inter.fl.it.e! 
fluorides  in  the  crystal.  It  has  been  shown  that  the 
anisotropy  of  the  [199]  -F  resonance  can  only  be  ex- 
plained by  assuming  each  interstitial  fluoride  must 
have  two  rare  earth  ions  at  adjacent  Cd-  sites  in 
which  the  RE! • -F~-R2!*  angle  is  90:.  This  is  most 
readily  explained  by  assuming  that  most  of  the  rare 
earth  ions  ar.d  their  cL'SCC'l  ated  interstitial  fluorides  are 
found  in  (Re!'-F-).  dimers  os  shown  in  Fig.  3.  The 
[100]  NMR  spectrum,  could  also  be  explained  by  zigzag 
chains  of  rare  earth-interstitial  fluoncie  along  the  (110) 
direction. 

The  l'JT  NMR  results  appear  to  offer  an  explanation 
of  the  above-described  ESR  ar.d  optical  spectra  of 
Yb3* -doped  CdF;  which  showed  only  cubic  ESR  and 
additional  bands  not  attributable  to  cubic  sites.  The 
additional  bands  can  be  assigned  to  this  dimer;  the 
lack  of  any  ESR  signal  from  these  dimers  con  prob- 
ably be  attributed  to  spin  exchange  interactions  be- 
tween the  two  metal  ions  in  the  dimer.  This  would  be 
equally  true  for  the  chain  modei. 


Fij.  3.  Enwgy  inrcl;  of  th»  Yb3  * icn,  ficc  end  ir  a oubic  cr.rol 
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CdFc:Ybr'  ‘ :Er  — Infrared  Visible  Fnosphor 

The  intense  absorption  bond  observed  in  CdJY  Yb?  ■ 
ot  973  r.m  sugiO.-tod"  tr.at  efficient  infrared-visible  up- 
cor  version  night  be  enhanced  ir  CdF-;  crvsmls  doped 
with  Y':v  urd  Er’-  if  *re  p.dm.'.rv  . Uiorpiion  p.o.ers 
i<  more  efficient  cem  >ar<  t v Mhir  sys 
! :e  i.o  4 : v n t:rs.rBy  h-vc.  ..  .a-ivan’.  ot"  Yb  ‘ an  i 
Sr- * snowing  the  upeenve -s.or.  process  in  4i.e  g-e-cr. 
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UlCG  to  C’Ci.  ..  hcr.cc  the  rc:v.  bunion  o:  r.oeanis  re- 
ported  is  the  v.vuUs.vm  -O.vcntrr.iion  eo., stole.  Tire 
crystals  were  cut  to  uniform  thickness  of  1.7  mm  ar.d 
polished.  Acsorption  r ccc-tra  o*  samples  we  e recorded 
or,  a Cary  Model  14  spectrophotometer  at  room  tem- 


perature. d or 


emission  irevsvrem.' r.*s.  a turn  cu 


(1.7  mm)  of  a p:hs..~d  single  ary  s',  el  was  placed  near 
the  dome  of  a GaAsiSi  diode  'Terras  Instruments 
Model  TIXL  10)  opera* ed  r.t  2A.  The  infrared  radiation 
( ~ 0.63  air.)  emitted  by  the  diode  is  absorbed  by  the 
phospltor  which  then  cm.ts  visible  light.  The  fluorescent 
output  of  the  crystal  was  analyzed  with  the  mono- 
chromator of  a Spex  spectrometer  ar.d  detected  with 
an  (lTT-F-W-123-P.-oducts  for  Research)  photomul- 
tiplier S20. 

Results  und  Discussion 

Figure  5 shows  the  emission  spectrum  rf  CclFylOm 
Yb F-  1 51  Ki I,;  ^oil  y -■  scent  <.or.cer.traTi<'r,?  renrsser.t 
mole  percent  (m/o) j the-  n. ast  f fli-ent  oim-phor  in 
tha  certcc  C-iFy  1-"  ”•  Yht'  :l<"  IhT  sv.:-i":-u.  A w’n- 

U . I*  W-  ....  CO  1, , « OCT  C Cf . — ..a  . : , Juv.3,  C • J.’j. 

and  552.  j r.m  ar.d  two  weaker  bread  b:  -.da  at  —522 
and  520  nrn  are  observed  rn  the  green  region,  and  sev- 
eral peaks  at  622.".  052.0.  656.5.  ar.d  066.5  nrr.  ir.  the 
red.  The  intensity  of  emission  bands  in  the  350  r.m 
region  is  an  order  of  magnitude  greater  than  th*  in- 
tensity of  the  red  b:..cis  and  the  crystal  airplays  a 
bright  green  visible  tlncieseewe.  Sammies  of  CdF  :1- 
2<t,  ytr..  **-  r,.y.  ihovvc-l  :h.  •.  r -cr.-ci  bands  or.lr  in 
the  Cr’/-::»r'  V'.y  *!r  T:r  «**:'.*t*»  d if.  *...  • : >r' 


ill).  Ytterotum  :o.ns  absorb  n frared  radiation  in  the 
0 91-1  ,m  range,  on  excited  ytterbium  ion  transfers  its 
energy  to  an  erbium  ion  rvlu.h  .s  excited  to  the  !I:i  j 
manh.id:  a second  transfer  ot  mtrareri  qi  antum  excites 
the  4Ii;  j to  the  ’F-  . level.  Tire  erb'um  then  decays 
norradirtively  to  the  ‘S  .>  level,  followed  by  visible 
tiujicicence  uom  3,.  in  tue  -eg. on  of  54'  r.m.  In 
this  process,  two  quanta  of  inhaicd  are  abr jibed  for 
cvcrv  quantum  of  vi.-:b!e  light  emitted,  ar.d  the  in- 
tensity of  g:eer  emission  is  found  to  increase  as  the 
squait  of  the  inwareb  e::v:iing  pever  1 15 > . Tr.c  con- 
version of  imrared  into  ltd  car.  take  place  by  various 
routes,  by  the  absorption  of  ttvo  or  three  quanta.  In 
fluoride  hosts,  excitation  spectra  in  the  SSf-aOO  nm 
range  show  that  the  most  important  path  for  red  emis- 
sion in  Yb;*-Er;-  samples  >s  excitation  of  Er;  + to 
the  •* 1 1 1 . -u  level  'by  the  transfer  of  energy  front  infra- 
red-excited  Yb’*)  followed  by  rapid  nonradiative  de- 
cay to  ihe  4 Ir  j manifold;  a second  quantum  cf  energy 
excites  the  electron  from  :I:;  2 to  4F...  ; from  which  red 
fluorescence  is  observed  (10).  Tr.c  three  quantum  proc- 
ess for  red  emission  has  also  been  observed  at  high  rare 
eartn  ion  concentrations,  with  excitation  of  Er1*  by 
two  quanta  to  (4Ii.,.c  -*  4I.i  > -»  4F;  j),  followed  by 
nonradiative  transition  to  4S„:;  from  :S,/2  transition 
to  4Iu/;  accompanied  by  the  back  transfer  cf  an  infra- 
red quantum  to  Yb’*;  a third  quantum  excites  the 
Er3+  from  4Iivs  to  4Fo  : followed  by  transition  to  the 
ground  state  and  red  emission. 

The  complexity  of  the  mechanism  for  upconversion 
implies  that  many  factors  affect  the  efficiency  of  the 
process.  The  purity  of  the  samples  is  extremely  im- 
portant (17). 

Experimental 

CdFz  was  prepared  from  99.939-  pure  cadmium 
metal  (American  Smelting  and  Refining  Company)  by 
precipitation  with  hydrofluoric  acid.  ErFj,  YbF:.  of 
purity  > 39. W,)  'Lindsay  Division  of  the  American 
Potr-h  and  Cnemical  Corporation',  NaF  and  CaF;  of 
93.93'T  purity  were  used.  The  CuF>  single  crystals 
doped  ar.d  voTop'-d  with  venous  concentrations  of 
YbF„  EiF.  .uf,  and  C-F..  v.oic  grown  by  the  Bixig- 


tra.tcn  0:  is1-  ;s  — in  tne  Ccrj;  io:Er  system  for 

©on  o:nir*:on. 

Or.e  of  the  objects  of  studying  the  infrared -to- visible 
•jpconvei  tmg  prepertivs  cf  CjF.:  Yc?  :E-.  y,  system 
was  to  shed  further  light  on  the  origin  of  the  976  nm 
absorption  bai.d.  The  intensity  of  the  emission  bands 
is  greatly  reduced  when  Mar  is  introduced  to  replace 
interstitial  F~  charge  compensation  by  substitutional 
Xa*  which  in  effect  destroys  the  (M---F:--._)2 
clusters,  ar.d  reduces  the  intensity  of  the  976  nm  bond. 
The  emissk n spectrum  of  CciFyS.oT  XaF:  10 w Yb:  1" 
E.Fi  is  shc..n  in  Fig.  7.  The  increased  structure  in 
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CrF;  concentration  cf  intensity  cf  the  strongest  green 
emission  hand  (370  2 r.:r.)  shown.  For  all  the  com- 
pa^tior  z CdFj:  10"c  YbF.:i  £ri'-;i  1.5-1  j*  CaFj  Tua- 
ied,  the  intensity  of  trs  emission  bands  is  significantly 
enhanced  both  In  the  green  ar.d  roa  regions  of  the 
spectra;  however  the-  increase  in  intensity  is  : or  very 
sensitive  to  the  CrF;  concentration.  There  ar.pt  ars  to 
be  a plateau  lor  the  composition  range  1 . r -S.5T  CaFj 
and  a dec  tease  in  intensity  cf  the  emission  bonds  for 
the  4 5 and  lb'l  CrF.- loped  samples  The  absorption 
spectra  of  Ccr;:  1C ~e  Y'oFj:  IX  Errs  doped  writ  1-1 0*7 
CaFj,  respectively,  show  ro  appreciable  diminution  in 
the  975  band  intensity,  with  increasing  concentration 
of  CaFj  at  these  high  Yb:*  concentrations.  In  tlpe  light 
of  the  results  on  ljF  XMil  with  the  proposed 
F~);  di.r.c-rs,  it  is  tempting  to  propose  that  the  effect 
of  CaFj  may  be  enhancement  of  the  formation  of 
mixed  pair  complexes  tEr,'-FiE-.._-Yb3* ) over  pure 
complexes  (Er<~-F-r.,.--Er3 ")  or  (Yb^-Fi-tX-Yb3"). 
Such  centers  would  provide  the  most  efficient  energy 
transfer  path  for  upconversion.  Previous  work  has 
shown  that  the  976  mu  band  doss  not  decrease  appre- 
ciably in  intensity  when  a second  rare  earth  ion  is 
present  (8). 


fij-  7.  Emission  spocf'un  of  CfEjilO’s  YbFj:l?a  E:F  :3.3 NoF 
(fiacc  rxeitaiion  . 


the  emission  bands  observed  :s  in  agreement  with  the 
decreased  site  symmetry  cf  the  rare  earth  ion  when 
Xa  * enters  the  lattice  substitutionaiiy,  lifting  the 
degeneracy  o:  the  excited  states  o:  the  r-ire  earth  ion 
giving  rise  to  the  emission.  The  absorption  spectra  o: 
Yb’* -doped  samples  charge  compensated  with  XaF 
shevr  similar  decreases  in  the  intensity  of  the  976  nm 
band  with  increasing  XaF  concentration  (7). 

The  results  of  CaFj  substitution  into  the  CdFj:  Yb:  Er 
phosphor  were  unexpected.  In  Fig.  8 the  variation  with 


F yrirrey.  -The  ertartum  cificicnev  -f  CdF 

YbFjtlX  E;-F:i  and  CdF2:1091  YbfcX:  IX  ErF?:  2.5*7 
CaFj  crystals,  respectively,  was  measured  as  follows: 
the  crystal  was  placed  near  the  dome  of  the  GaAs.Si 
diode  ar.d  the  lluorescer.t  output  was  measured  by  a 
Clairex-CL-6  .-3  cadmium  seler.ide  photocell  in  con- 
junction with  a Keithley  149  micrcmillivoitmeter.  The 
voltage  reading  of  the  meter  with  diode  alone  i = A = 
total  inflated  emission),  the  diode  plus  phosphor  . = 3 
= to^’ai  infrared  t; ansmi-.ted  cud  vt-iole  emitted),  ar.d 

c..v.  ft '.yj  * l i 'H'i  'A  ft?  ir.cCtiured.  srvn  tiio 
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where  f = attenuation  factor  of  the  niter  (Corning  Xo. 
1-57).  The  formula,  although  approximate,  is  valid 
when  Cf  <<  (A  — B ) , which  is  true  in  this  case.  De- 
termined in  this  way,  the  quantum  effi-ienev  of  CdFj: 
10X  Ybr’,.lc;  ErF,  is  0.28 X and  that  of  CdFyiQT  YbF3: 
IT  ErFj:  2.5 Fi  is  0.70*7.  The  eificier.cv  of  green  emitting 
GaP  diode  is  about  0.1*7  (18).  The  quantum  efficiency  of 
the  most  efficient  upconverting  systems  is  between  10_- 
and  10_1w  (/.„  — 0.97  am)  (19).  These  values  are 
difficult  to  compare  due  to  differences  in  the  condition 
of  measurement.  Gar  measurements  were  on  single 
crystals,  ar.d  well-known  upconverting  phosphors  are 
available  as  powders.  Grinding  our  samples  would  ex- 
pose them  to  the  well-known  degradation  of  lumin- 
escence efficiency  by  crystal  damage.  Since  our  mea- 
surements were  made  at  high  excitation  densities,  the 
reported  high  efficiency  compared  to  other  materials 
may  be  attributable  to  this,  at  least  in  part.  On  the 
other  hand,  preliminary  excitation  studies  on  this 
phosphor  system  indicate  that  the  quantum  efficiency 
would  most  likely  be  improved  with  576  nm  excitation. 
These  studies  show  a major  excitation  peak  near  976 
nm,  corresponding  to  the  "dimer”  absorption  band.  A 
complete  study  of  the  excitation  spectra  is  now  in 
progress. 

Conclusion 

A r.ew  efficient  infrared  to  visible  upconver’ing  sys- 
tem CdFj:  YtFvErF  CaFj  in  single  crystal  form  has 
been  prepared.  At  the  optimum  concentrations  of  the 
rare  earth  icr.s  <10  Yb. ! Er'  snd  cod-sped  with  - 3.5*0 
CaFj.  in  combination  with  a GaAs:Si  diode  "milling  at 
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~ u.-  i im  me  pnospr.or  ..uorescci  a orignt  green. 
Quantum  efficiency  mersuttments  tndi  ate  this  system 
to  be  a highly  efficient  upconrerting  phosphor. 

The  ’tp.ti  ivr:  tir -j  piorsrt.es  of  the  system  cedoped 
with  XaF  a'e  in  ag. cement  with  previously  measured 
spew ro.-evric  properties  of  the  CaF.tYo  rysiotr.  and 


Vt,;. 


-Vo.  3 


Cc1F3:\ !-F..:ErF — AN'  UFCCNYhETLNG  SYSTEM 


96. 

412 


support  the  existence  of  dirr.ors,  or  simi- 

lar complex  centers. 

The  cnb.rnceme::?  of  the  upeouversion  upm;  Lr.t-o- 
ductr.3  Ci.Fj  ir:o  tl.e  system  is  c-  mrury  to  predictions 
based  on  ptevsous!;  reported  spectral  data  in  *;-.e 
CdF;: C?.F_: Yb  system,  which  showed  queneh-ng  of 
the  intense  SVC  m.t  absorption  band.  Ti.r  quantum 
efficiency  :l  the  :ujs:  radcieni  phosphor  system  Cary 
It)?;  YbFjtlCs.  ErFyd.oV:  CaF*  studied  is  0.70". 
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The  ”F  NMR  of  single  crystals  of  CdF,  containing  large  concentrations  of  ErFj  or  YbFj  has  been 
studied  at  30  and  46.5  MHz  from  190*  to  373*K.  In  addition  to  the  main  resonance,  two  types  of 
weaker  resonances  were  detected:  one  type  displaying  symmetry  about  the  [111]  axis  and  the  other 
displaying  symmetry  about  the  [100]  axis.  The  111  lines  are  attributed  to  the  lattice  fluorides 
adjacent  to  one  rare  earth  ion  while  the  100  lines  are  attributed  to  the  interstitial  fluoride.  It  is 
shown  that  the  anisotropy  of  the  interstitial  fluoride  resonance  can  only  be  explained  by  the  presence 
of  two  rare  earth  ions  at  90*  angles  and  therefore  the  bulk  of  rare  earth  ions  and  interstitial 
fluorides  must  be  present  as  (R£*~  — F,~).  dimers.  The  anisotropic  portion  of  the  NMR  shifts  is 
shown  to  be  entirely  due  to  the  dipolar  contribution  of  spin  residing  on  the  rare  earth  ion.  Further 
it  is  shown  that  the  isotropic  shift  is  of  opposite  sign  to  that  predicted  by  the  equation  currently 
used  to  explain  contact  shift  of  lanthanide  ions. 


I.  INTRODUCTION 

Extensive  studies  have  been  made  on  rare  earth  ions 
doped  into  a fluorite  lattice,  principally  CaF».  The 
fluorite  lattice  consists  of  fluoride  ions  at  the  corners 
of  a cube  wich  every  ether  bodv  centered  position  being 
occupied  by  an  alkaline  earth  ian.  If  a rare  earth  fluo- 
ride is  used  as  a dopant,  the  trivaient  rare  earth  ion 
enters  the  lattice  substirutionaiiy  at  the  alkaline 
earth  ion  site  and  charge  compensation  occurs  by  in- 
corporation cf  interstitial  fluoride  ions  in  empty  body 
centered  positions.  If  che  interstitial  fluoride  ion  oc- 
cupies the  nearest  neighbor  position  forming  a dipolar 
RE5*  - Fj  unit  referred  to  as  an  ion-defect  pair,  the  lo- 
cal symmetry  of  the  i»:e  ear  la  ion  is  tetragonal.  If 
such  a pair  is  not  formed  the  symmetry  is  cubic.  ESR 
and  optical  studies  at  low  concentrations  of  RE3*  have 
shown  that  both  types  of  sites  are  present. 

Cadmium  fluoride  also  has  a fluorite  lattice  and  ESR 
and  ENDOR  studies1-4  have  shown  only  a cubic  site  for 
the  rare  earth  at  low  concentrations.  Optical  studies1,5 
of  Yb3*  in  CdF 2 have  found  an  intense  peak  at  10  250  cm'1 
that  is  not  attributable  to  /-/‘transitions  in  an  isolated 
Yb3*  ion  In  either  a cubic  or  tetragonal  site. 

Some  recent  studies5-12  have  been  concerned  with 
higher  concentrations  of  rare  earth  ions  to  determine 
any  differences  in  the  environment  of  the  ion  as  the  con- 
centration of  the  dopant  increases.  Makovsky8  noticed 
the  appearance  of  additional  lines  in  the  optical  spec- 
trum of  calcium  fluoride  doped  with  C-d"*  ions  as  the 
concentration  increased.  These  were  referred  to  as 
the  “ambiguous  lines”  and  were  attributed  to  che  sub- 
stitution of  three  gadolinium  ions  for  two  calcium  ions. 
O’Hara3  proposed  the  formation  of  a separate  phase  at 
higher  concentrations  while  Naberhuis  and  Fong3  car- 
ried out  a derailed  calculation  for  such  systems  which 
showed  that  ion -defect  pairs  ciimeriz?  to  form  clusters. 
Fenr.  ct  al"0  proposed  the  formation  of  dimers 
and  higher  order  clusters  in  their  optical  study  of  ; 


ErFj-CaFj  system. 

Although  the  size  of  the  rare  earth  ion  is  comparable 
to  the  size  of  the  divalent  cation  it  replaces,  the  in- 
creased charge  of  the  R2**  ion  and  the  larger  size  of 
the  interstitial  fluoride  icr.  should  cause  an  appraciable 
distortion  in  the  fluoride  ion  lattice  in  che  vicir.itv  c: 
the  rare  earth  ion.  Cheetham  at  al .l3,:;  have  tried  :j 
measure  this  distortion  by  neutron  diffraction  studies 
on  single  crystals  of  CaF.  containing  large  concentra- 
tions of  YFj.  It  was  found  that  the  interstitial  fluorides 
were  displaced  from  the  normal  body  centered  position 
along  the  [HO]  direction  while  some  of  the  lattice  fluo- 
rides were  displaced  along  the  [ill]  direction.  Al- 
though the  positions  of  the  Y:*  ions  were  not  determined, 
it  was  postulated  that  the  ion-defect  pairs  formed  di- 
meric clusters.  Catlow15  calculated  the  formation  en- 
ergy of  such  a cluster  and  by  minimization  of  the  en- 
ergy calculated  a set  of  coordinates  for  the  nearby  lat- 
tice fluorides,  as  well  as  those  of  the  atoms  forming 
the  dimer. 

With  the  exception  of  the  neutron  diffraction  studies, 
most  studies  on  doped  fluorite  systems  have  determined 
the  environment  in  the  vicinity  of  the  rare  earth  ion  by 
measuring  magnetic  or  optical  properties  of  the  rare 
earth  ion.  Recently  Banks,  Greenblatt,  and  McCarvey13 
and  Wolfe  and  Markiewiez17  have  shown  chat  the  NMR 
of  the  fluoride  ions  in  the  vicinity  of  the  rare  earth  ions 
can  be  detected,  thus  allowing  the  determination  of  the 
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fluorides  occurs  in  the  tetragonal  site. 

Banks  a!.1*  measured  tire  :’F  NMR  of  single  crys- 
tals of  Cd.F:  containing  10'  ErF3  and  YbF-  at  room  tem- 
perature and  were  able  to  identify  resonances  from  tne 
lattice  fluorides  adjacent  to  a rare  earth  ion  in  the  case 
of  the  Er!*  doped  crystal.  They  showed  that  the  ...'.Isot- 
ropy in  the  shift  was  determined  only  by  the  distance 
between  the  rare  earth  ion  and  molar  susceptibility  of 
the  ion,  and  therefore,  the  shift  could  be  used  to  mea- 
sure fluoride-rare  earth  distances.  No  definite  con- 
clusions could  be  drawn,  however,  regarding  interstitial 
ions  or  cluster  formation  due  to  limited  resolution  and 
signal  to  noise  at  the  frequencies  of  measurement  (8  and 
16  MHz).  Measurement  of  NMR  at  room  temperatures 
has  two  drawbacks  in  comparison  to  the  type  of  NMR 
done  by  Wolfe  and  Markiewicz17  at  4 °K:  it  is  much  less 
sensitive  and  the  resolution  of  signals  from  different 
fluoride  ions  is  much  poorer.  Its  main  advantage,  other 
than  the  obvious  one  of  easily  achievable  temperatures, 
is  that  the  shift  is  determined  by  a thermal  average 
over  all  crystal  field  states  of  the  lowest  J manifold 
and  this  average  can  be  related  to  the  molar  magnetic 
susceptibility,  which  can  be  measured  for  the  sample 
being  studied.  As  will  be  shown  in  this  article,  this 
allows  meaningful  distances  to  be  calculated  from  mea- 
sured NMR  shifts.  A similar  analysis  ot  shifts  mea- 
sured at  4 °K  requires  a knowledge  of  the  wavefunction 
of  the  lowest  crystal  field  state  in  the  J manifold  and 
this  is  often  either  not  available  or  readily  obtainable. 

It  was  apparent  that  the  work  of  Banks  st  al .15  should 
be  extended  to  higher  frequencies  which  would  give  both 
better  resolution  and  better  sensitivity  for  detecting 
signals  from  less  abundant  species  in  the  crystal.  It 
wa3  also  hoped  that  lowering  the  temperature  might  im- 
prove resolution  since  the  shifts  should  vary  inversely 
with  the  absolute  temperature.  We  have,  therefore, 
constructed  a NMR  spectrometer  operating  at  30  and  * 
46  MHz  with  a variable  temperature  Dewar  big  enough 
to  hold  the  large  crystals  used  in  this  study. 


II.  EXPERIMENTAL 
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mode  signal.  This  problem  was  rectified  bv  adding  an 
automatic  frequency  control  circuit  iuh  kept  the 
transmitter  tuned  to  the  bridge. 

. The  crystals  were  the  some  as  those  used  In  or.  -a.-- 

in  cLu::iet&r  ^nri  wqi‘&  *13  ■,  »*o  ; _•  -n 

had  a hole  drilled  into  i:  at  the  desired  angle  v ich  u 
diameter  equal  to  time  a:  the  crystal.  F Jr  room  tem- 
perature rotation  studies  a coil  .'as  wound  dir«ct!" 
around  the  rod  and  crystal  to  obtain  a maximum  filling 
factor.  Rotation  studies  at  room  temperature  were 
done  by  rotating  the  magnet  through  130°  when  the  crys- 
tals were  mounted  with  either  the  [100]  axis  or  the  [110] 
axis  parallel  to  the  axis  oi  rotation. 


The  resonance  was  studied  ac  different  temperatures 
by  using  a specially  constructed  dewar  (with  the  coil 
wound  around  the  outside)  that  connected  to  the  Varian 
ESR  variable  temperature  accessory.  The  temperature 
of  the  sample  was  measured  by  means  of  a thermocouple 
touching  the  top  of  the  crystal.  By  this  means  it  was 
possible  to  follow  the  temperature  dependence  of  the 
paramagnetic  shift  from  ISO5  to  373  °K.  The  Lower 
temperature  limit  was  determined  by  the  fact  that  the 
satellite  lines  observed  became  too  broad  for  detection 
at  temperatures  lower  than  ISO  °K. 

The  magnetic  susceptibility  and  its  temperature  de- 
pendence were  determined  bv  Professor  Lever  of  York 
University,  on  powder  samples  obtained  from  the  crys- 
tals studied. 


III.  RESULTS 

Single  crystals  of  CdF2  containing  =10  mole  percent 
ErF3  and  =6  mole  percent  YbF3  were  mounted  such  that 
the  magnetic  field  could  be  rotated  in  the  (100)  and  (110) 
planes.  Typical  spectra  for  both  crystals  are  given  in 
Fig.  1.  The  large  resonance  is  due  to  the  bulk  or  lattice 
fluorides  that  are  not  close  to  a rare  earth  ion.  This 
resonance  is  used  as  an  internal  reference  for  measur- 
ing the  shift  Of  other  lines  to  avoid  any  corrections  for 


The  NMR  spectra  were  obtained  using  a broad  line 
spectrometer  constructed  in  our  laboratory  using  most- 
ly the  components  in  our  Varian  £-12  ESR  spectrometer 
to  which  were  added  an  rf  transmitter,  a bridge,  and 
an  rf  amplifier.  The  transmitter  was  a Logimetric 
Signalock  925  operating  between  0.5  and  80  MHz,  r£ 
amplifiers  for  30  and  46  MHz  were  designed  and  con- 
structed in  our  electronic  shop.  The  bridge  circuit  was 
a bridged- T null  circuit  (No.  2)  described  by  Tuttle.18 
This  circuit  has  the  advantage  of  delivering  maximum 
rf  signal  to  the  sample  for  a given  output  of  the  trans- 
mitter since  it  is  basically  a series  resonant  tuned  cir- 
cuit. Its  main  disadvantage  was  impedance  matching 
to  the  rf  amplifier.  The  samples  studied  here  have 
very  short  7\’s  and  the  higher  power  aval'  bie  in  this 
bridge  made  it  easier  to  achieve  accepts!  signal  to 
noise  reties.  For  some  very  weak  reson  oes  it  was 
found  necessary  to  use  sweep  times  o?  up  to  30  min  to 
plot  the  spectrum.  In  these  cases  it  was  found  difficult 
to  keep  t:*>  bridge  tuned  to  display  only  the  aosoryi  n 


FIG.  1.  Typical  WF!CU1  spectra  .it  i'i.S  Mil;  u.  ciuirr.i  is: 
tluuriJe  crystals  Jcpe *J  vit1.  7.v"  mu  VL-*  i.-  ...  iat  . ’ j.M 
it  or ;“n-..\;io:\  •.j’-'irv;  • U 1 j • ('  * f — rl  .it  v •: 
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jr  rescr.ui.ee  was  foimd  upf: m J from  the  main  res- 
cr.ax  pea/..  This  resonance  c;.n  oe  seen  ir.  Fie.  Kb), 
(tii.  The  ct.-.er  resonances  are  nor  seen  in  this  orienta- 
tion because  they  occur  under  the  main  resonance.  This 
resonance  maximizes  its  shift  along  the  [100]  axis  and 
will  be  called  the  100  line  while  the  other  resonance 
lines  will  be  called  the  111  lines  since  they  are  sym- 
metrical about  the  [ill]  direction. 


Increasing  the  frequency  cf  the  NMR  spectrometer 
does  not  increase  the  resolution  and  sensitivity  as  much 
as  expected,  because  the  linewidth  of  all  lines  was  found 
to  increase  with  frequency.  For  pure  CdF2  the  second 
moment5*  of  the  !9F  resonance  is  2.40  G*  when  the  mag- 
netic field  is  along  the  [ill]  axis  and  this  should  give  a 
line  width  of  3.1  G in  the  derivative  of  the  absorption' 
curve.  Experimentally  we  find  that  the  linewidth  of  all 
lines  increases  linearly  with  frequency  from  this  value. 
At  46.  6 MHz  the  width  of  the  central  line  is  15  G in  the 
ErFj  crystal  ana  6 G in  the  YbF3  crystal  while  the  111 
lines  are  25  G and  9 G,  respectively.  The  extra  widths 
for  corresponding  lines  are  roughly  in  the  ratio  of  the 
rare  earth  ion's  susceptibility  indicating  the  errtra 
broadening  is  caused  by  the  magnetic  ior.s.  The  width 
of  the  111  lines  increases  almost  twofold  as  the  mag- 
netic field  moves  away  from  the  [11  ij  axis. 

In  Figs.  2 and  3 are  plotted  the  shifts  AW  of  the  vari- 
ous lines  relative  to  the  center  main  resonances  as  a 
function  of  orientation.  The  angle  w is  a laboratory 
angle  of  the  magnetic  field  and  is  approximately  the 
angle  of  the  [ 1 10]  axis  of  the  crystal.  The  solid  lines 
in  Figs.  2 and  3 are  obtained  by  fitting  the  experimental 


FIO.  2 Orientation  dependence  of  various  !,F  XMP.  lines  at 
46.  0 MHz  for  Cd  r;— ErF.  crystal.  The  circles  indicate  experi- 
mental points  while  the  solid  lines  are  curves  fitted  to  Eq.  (1). 


FIG.  3.  Orientation  dependence  of  various  *'  F NMR  lines  at 
46.6  MHz  for  CdF;-VbFs  crystal.  The  circles  indicate  experi- 
mental points  while  the  solid  lines  are  curves  fitted  to  Eu.  U). 

points  to  the  equation. 

AA'=(Atfn«_AffaU)  C0S:U  -a-,«)  + A.-fola  (1) 

by  a least  squares  refinement.  In  these  plots  we  have 
“only  included  data  from  those  spectra  in  which  the  res- 
olution was  sufficient  to  accurately  determine  the  line 
cente-s.  The  existence  of  the  satellite  lines  is  apparent 
at  smaller  shifts  but  it  is  difficult  to  determine  the  cen- 
ter due  to  overlap  with  the  large  resonance  from  the 
bulk  lattice  fluorides. 

from  fluoride  icr.s  in  sites  of  axial  symmetry  with  the 

symmetry  axis  along  a [lllj  crystal  axis.  The  shift  is 
down  field  when  the  magnetic  field  is  along  the  [111] 
axis  and  upfield  when  perpendicular  to  the  [111]  axis. 
For  the  100  lines  in  CdF.-ErF.  the  fitted  curves  pre- 
dict a minimum  shift  of  12s  15  G for  the  rotation  of 
magnetic  field  in  the  (100)  plane  and  7 ± 15  G for  the  ro- 
tation in  the  (110)  plane.  Since  these  extrapolated  val- 
ues are  the  same  within  experimental  error  we  must 
conclude  that  the  100  resonance  displays  axial  sym- 
metry around  the  [ 100]  axis.  Unlike  the  111  resonance 
lines,  however,  these  lines  have  a large  upfield  shift 
when  the  magnetic  field  is  parallel  to  the  symmetry 
axis. 

The  basic  theory  for  paramagnetic  shifts  in  the  19F 
NMR  of  single  crystals  of  transition  metal  fluorides20-24 
predicts  the  shift  to  be  given  by  the  equation 

A ff/ff=-[a,  + (a,  + a,j)  (3 cos2  5-1)]  (2) 

in  which  6 is  the  angle  between  the  magnetic  field  and 
the  axis  between  the  fluoride  ion  and  the  magnetic  ion, 
a,  is  the  isotropic  contribution  from  the  Fermi  contact 
interaction,  at  is  the  dipolar  contribution  of  an  unpaired 
spin  in  the  fluorine  2 p orbital,  and  <7.,  is  the  direct 
dipolar  contribution  from  unpaired  spin  on  the  metal 
ion.  Values  of  as  and  ( ap+at! ) at  25  °C  are  tabulated  in 
Table  I for  the  different  frequencies  at  which  they  have 
been  measured.  The  values  for  the  100  line  in  CdF:- 
YbF3  could  not  be  determined  directly  because  it  was 
not  possible  to  observe  the  line  over  more  than  a 10° 
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TABLE  I.  V.uues  of  as  and  Oi,  -Uj)  at  23  aC  for  the  Hi  and  loo  N'MR  lines  observed  m CJF2 
crystals  doped  with  ErF3  or  YbFs. 


Crystal 

Line 

NMR  frequency 
1MHz) 

Percent  of 
fluorides 

<is>*  10" 

4:. 10' 

Cd  F.— ErF; 

ui 

16.0 

30  = 4* 

-l.  0 = 0.1* 

1.  S3  = o.  1/ 

46. 6 

23  = 4 

— 1 1 . 9 x 0 . 1 

4.  -jr  J.1'9 

100 

46.  6 

6r  3 

— 4. 6 = 0.  il 

-U.  7 • 

Cd  F,-YbFj 

111 

30.0 

— 

-0.2  = 0. 1 

1.1=0.  1 

46. 6 

20  = 4 

-0.  12  = 0.07 

1.06  = 0.04 

100 

46.6 

6 = 3 

-0.3=0. Is 

— 0.51  = 0.  (JO3 

‘See  Ref.  16. 

'’Estimated  by  procedure  given  in  text. 


interval.  These  values  have  been  estimated  by  assum- 
ing that  the  ratio  of  the  (a,-- -a.4)  terms  for  the  100  lines 
is  the  same  as  for  the  ill  lines  in  the  two  crystals. 

This  assumption  is  justified  in  the  discussion  and  allows 
us  to  assign  a value  to  a,  from  the  observed  shift  of  this 
line  in  the  [ 100]  direction. 

An  attempt  has  been  made  to  estimate  the  percentage 
of  fluoride  ions  giving  rise  to  each  type  of  resonance  by 
numerical  integration  of  experimental  curves  to  deter- 
mine relative  areas.  The  values  obtained  are  also  in- 
cluded in  Table  I.  In  the  case  of  the  111  lines,  the  area 
of  the  downfieid  111  line  was  determined  when  the  mag- 
netic field  was  along  the  fill]  direction.  This  was  then 
compared  to  the  total  intattmteri  area  of  all  lines  in  the 

suiting  value  was  multiplied  by  four.  A similar  mea- 
surement was  made  for  the  100  line  in  the  [ICO]  orienta- 
tion and  this  value  multiplied  by  three.  Since  this  dou- 
ble integration  depends  strongly  upon  good  determina- 
tions of  the  curve  in  the  wings,  it  was  checked  by  esti- 
mating the  area  ratios  from  the  values  of  (derivative 
peak  heights)  y (Unewidth)2  for  each  line  in  the  spec- 
trum. The  ratios  of  these  values  should  be  proportion- 
al to  areas  if  the  shape  of  all  resonance  lines  are  simi- 
lar. This  method  of  estimation  gave  values  in  reason- 
able agreement  with  those  given  in  Table  I. 


The  temperature  dependence  of  as  and  (n,  + n.,)  for  the 
111  lines  was  determined  by  mounting  the  crystal  in  an 
orientation  that  gave  two  resolved  111  lines,  one  up- 
field  and  one  downfieid  from  the  main  line.  The  value 
of  6 in  Eq.  (2)  for  each  line  was  determined  from  the 
room  temperature  plot  and  data  in  Table  I.  r. , and  {a, 
+av)  could  then  be  calculated  from  the  measured  shift 
of  the  two  lines.  The  data  are  given  in  Table  n.  The 
linewidths  of  the  111  lines  increased  as  the  temperature 
went  down  to  values  of  85  G for  ErF-  and  17  G for  YbF: 
at  100  K for  the  downfieid  lines. 

It  is  expected  on  theoretical  grounds,  that  n,  and 
+<i,f)  are  proportional  to  the  magnetic  susceptibility  x 
of  tile  rare  earth  ion.  To  check  this,  sections  of  both 
crystals  were  sliced  and  powdered  and  the  susceptibility 
w is  measured  from  30’  to  45C  ’K.  After  correction  tor 
diamagnetic  contributions,  the  susceptibility  was  found 
to  follow  the  Curie  law 


x=  C/(r+T.),  (3) 

with  Curie  temperatures  Tc=  15=1  ’K  for  the  ErF;  doped 
crystal  and  Tc=  44  = 1 JK  for  the  YbF3  doped  crystal. 

IV.  DISCUSSION 

In  the  previous  study23  of  the  CdF2-SrF3  crystal  at 
lower  frequencies,  the  111  lines  were  attributed  to  the 
lattice  fluorides  adjacent  to  one  rare  earth  ion.  This 
is  the  only  -reasonable  assignment  since  these  are  the 
closest  fluorides  and  should  have  t'ne  largest  shifts  as 
well  as  a symmetry  about  the  [ill]  axis.  The  o.,  term 
in  Eo.  (2)  can  be  calculated23'23  from 


! y.*?  ].  is  tli3?  iT.n  „'.i rr t i c u ion  nnd  P is 

~ r.ee  rpo  rluonde  and  the  mre  earth  ion. 

7k  . values  a:  a:  25  :C  calculated  from  experimental 

values  of  x and  assuming  R = 2.  333  A (the  Cd2*  - F‘  dis- 
tance in  CdFj)  are  4.  34*  10*3  and  1. 14x  10"3  for  the 
CdF;-ErF3,  and  CdF2-YbF3,  respectively.  These 
values  are  close  to  the  experimental  values  of 
oince  the  concentration  of  rare  earth  ion  is  know  j only 
approximately  for  these  crystals,  it  might  be  better  to 
calculate  \ in  Eq.  (4)  from 

X ‘A.J+  l)3g/3kT  . (5 i 

This  gives  for  a„  the  values  3.04X10'3  for  CdFj-ErF- 
and  1.13*-  10*’  for  CdFj-Y'oF.  which  are  ir.  even  better 
agreement  with  the  experimental  values  of  •*-  n_,}. 

Thus  it  appears  that  = 0 in  these  crystals. 

The  ICO  lines  must  originate  from  the  interstitial 


TABLE  II.  Values  cf  ,-w  and  Kap-an''  for  the  HI 
diftsrern  temperatures. 
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an  ion  sweet  pair.  ever.  :.  v*e  assume  nf  is  neg- 
ligti.c-.  ,*s  for  the  ii*  lir.es.  Then  <■  . foi  r.n  ion  defect 
pair  is  giver,  by  Sc.  (4;  which  predicts  a value  of  (nP 
-u,.j  opposite  in  sign  to  that  found  for  the  ErFj  doped 
crystal  (see  Table  I).  This  interstitial  fluoride  then 
must  be  associated  "nth  more  than  one  rare  earth  ion 
in  some  sort  of  cluster. 

The  most  obvious  arrangement  that  will  both  have 
axial  symmetry  about  a f 1 00  axis  and  predict  a,,  values 
of  opposite  sign  to  that  given  by  Ec.  (4)  is  a planar 
cluster  in  which  each  interstitial  fluoride  is  surrounded 
by  four  rare  earth  ions  occupying  the  adjacent  metal 
ion  sites.  This  cluster  will  have  a symmetry  axis  per- 
pendicular to  the  plane  of  the  five  ions  ar.d  will  give  ar. 
Oji  value  of 

n.  = -2\'/r.2.  (61 

n c.tech  of  tills  model  can  be  made  by  noting  that  \ is 
the  same  for  both  the  111  resonances  and  the  100  reso- 
nances so  that  we  can  obtain  the  ratio  of  from 

the  experimental  ratio  of  n 's  for  the  two  lines.  Using 
cat*  mom.  Table  I for-  Cd7--ErF;  ar.d  Ecs.  f 4 > ar.c  'S' 

we  a ouir.  find  this  great  r.  duV-re-ce  in.  the  rttio  o:  A,00- 
Rnl.  Although  rather  unlikelv  on  other  grouncs.  it  is 
possible  to  explain  a larger  value  of  this  ratio  by  as- 
suming the  four  rare  earth  ions  occupy  tine  nearest  in- 
terstitial sites  rather  than  the  nearest  metal  ion  sites. 
For  an  undistorted  lattice  A'.nn/fSu:  would  equal  1.63 
which  again  agrees  poorly  with  the  value  1.36  found 
from  experiment. 

A third  model  can  also  explain  the  [100]  symmetry 
and  negative  sign  of  a,,.  If  we  assume  that  only  two  ad- 
jacent metal  ion  sites  are  occupied  by  rare  earth  ions 
and  that  these  sites  are  90°  apart  in  direction  from  the 
interstitial  fluoride,  we  find  that  we  get  accidental  axial 
symmetry  in  the  magnetic  shifts,  even  though  the  true 
symmetry  is  not  axial.  As  long  as  the  angle  is  90 the 
shift  will  be  the  same  everywhere  in  the  plane  of  the 
three  ions.  In  this  case  a,,  will  be  exactly  half  that 
given  bv  Eq.  (61  and  experiment  predicts  a value  of 

= 1.03  which  is  very  close  to  the  expected  value 
of  1.1?  for  an  undistorted  lattice. 

Since  the  percentage  of  fluoride  ions  giving  rise  to  tm 
100  lines  is  equal  to  the  percentage  of  interstitial  fiuo- 
r:  it s in  t.  e b Hire  which  nr-  i-  rum  ecual  to  the  num- 
ber of  rare  earth  ions  in  the  lattice,  our  anal-,  si.-  in- 
dicates that  tne  bulk  of  the  rare  earth  ions  in  Cdf-  are 
associates  ir.  eithe  • dimer  clusfc-ts 
r" 

T ‘i  ‘ . 
n — p.t” 


.he  only  one 

or  in  e:-"  ended 

ilOOj  axis  rein- 

intfstitiu!  flue 

*•?;  ry  the  mlc-::  - 
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4.8  percent  :*nd 

or  a linear  RE 

e equal  (within 
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our  search  thai 

it.:  right  angle  bends  at  each  tn- 
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re  great  enough.  e estimate  rrom 


ent  at  concentrations  of  less  than  0.5  percent  in  the  lat- 
..  :e  since  v.  e could  not  detect  them.  There  should  also 
be  a third  type  of  fluoride  resonance  in  these  clusters, 
namely,  those  lattice  fluorides  which  are  adjacent  to 
both  rare  earth  ions.  There  should  be  six  of  these  lines 
each  with  an  intensity  equal  to  that  of  one  of  the  100 
lines.  Unfortunately  these  lines  could  not  be  observed, 
although  we  tried.  The  best  orientation  for  detection 
would  be  with  the  [110]  axis  parallel  to  the  field  but  at 
this  orientation  tne  stronger  111  lines  are  also  shifted 
in  the  same  direction  making  resolution  difficult. 

The  frequency  dependent  linewidth  o:  the  main  line  1.; 
undoubtedly  due  tc  magnetic  broadening  by  the  rare 
earth  ior.s  in  the  lattice.  V/e  have  estimated  this  broad- 
ening by  using  Vr.r.  Vleck’s19  second  moment  equation 
%p.d,  assuming  \K  ar.d  find  that  the  experimental  line- 
widths  are  of  the  expected  fder  cf  magnitude.  The 
greater  breadth  of  the  111  lines  is  probably  due  to  dia- 
tortions  of  the  lattice  fluorides  from  normal  lattice  site; 
when  they  are  adjacent  to  a rare  earth  ion.  Welle  ar.d 
Markiewicr17  have  shown  that  such  distortions  exist  for 
the  ion  defect  pair  in  CaF-.  Carlow"  has  calculated 
t'-i-se  distortions  Ur  the  aimer  ir.  CaF ;-VF:  crystals. 
We  have  calculated  the  expected  spectrum  for  Cdr.- 
ErF-  using  Callow's  coordinates  and  find  it  impossible 
to  fit  to  our  results  and  conclude  that  distortions  of  hot. 
lattice  fluorides  and  interstitial  fluorides  from  normal 
lattice  sites  is  much  less  in  CdF2  than  Catlow  estimate., 
for  the  CaF;-YF;  system. 

If  ap  = 0,  as  seems  to  be  the  case,  then  Eq.  (4)  pre- 
dicts that  a plot  of  {ap-ci!)/\  versus  temperature  should 
give  a straight  line  of  zero  slope.  The  generally  ac- 
cepted theory27’23  for  a,  predicts  the  same  for  ajx. 

Both  of  these  values  are  plotted  in  Fig.  4.  Within  ex- 
perimental error  ajy.  and  (a^a„)/x  are  seen  to  be  in- 
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dependent  of  temperature.  Further  die  value  os  7V  \ 
like  that  of  {/:t  -n  ,)/\  is  approximately  the  dame  for 
)Oth  II  **  °.f'.  \ VI'-*.  A iv’  liiit ? r&nc s* s »■» oi*?c!  in  Fiz.  4 ni’6 
not  s Uni;':,  can.  since  the  value  a;  \ used  depended  or.  our 
knotV'T'-^e  of  tii?  c MceruratiO':  ■ ■:  rare  earth  ion  m '.he 
crystal  and  this  •■■.as  known  oniv  ■.ppro.'dciateiy. 

V CONCLUSIONS 

This  work  has  conclusively  established  that  at  high 
doping  concentrations  of  rare  earth  fluorides  in  CJF;, 
the  main  species  is  an  ion  defect  pair  dimer  of  the  type 
postulated  by  several  workers3’10’12-13"15  for  CaF.  ar.d 
not  the  cubic  phase  postulated  by  O’Hare. 9,11  It  is  antic- 
ipated that  the  same  will  be  found  for  CaF.  crystals 
but  a similar  study  should  be  undertaken  on  them  to 
confirm  this  fact.  Further  the  results  of  this  work  sug- 
gest a ready  explanation  for  the  unusual  optical  bands 
found10  in  CdF>-YbF3  crystals  at  lower  concentrations. 
If  we  suppose  that  some  dimer  is  formed  at  these  lower 
concentrations  then  the  bands  can  be  attributed  to  it. 

The  fact  that  only  the  SSR  oi  To3*  in  cubic  sites1’2  was 
observed  is  then  explained  by  assuming  that  spin  ex- 
change interactions  in  the  dimer  made  ESR  detection  of 
the  rare  earth  ions  in  the  dimers  impossible. 

The  fact  that  the  anisotropy  in  the  NMR  shifts  is  due 
entirely  to  a.,  and  our  use  of  this  to  establish  the  ex- 
istence of  dimers  in  the  lattice  suggest  that  similar 
NMR  studies  on  rare  earth  single  crystals  is  potentially 
useful  for  determining  the  position  of  magnetic  nuclei 
near  a rare  earth  ion.  SXDGR  studies  on  Yb3*  in  CdF,2 
mi  C-7-'4  - j v :-ll  ns  a low  :e mu e nature  NMR  study  of 

"l3l 


that  the  anisotropy  in  the  lJF 


h perii.ne  ir.:-s. -action  for  lattice  fluorides  in  the  cubic 
sites  is  much  larger  than  can  be  accounted  for  by  a di- 
polar interaction  between  the  spin  on  the  rare  earth  ion 
and  the  fluorine  nucleus.  This  at  first  appears  contra- 
dictory to  our  observation  that  m,  = 0.  However,  these 
low  temperature  measurements  are  of  only  the  hyper-  , 
fine  interaction  in  the  lowest  crystal  field  state  of  the 
ion  while  our  measurements  reflect  a thermal  average 
over  all  crystal  field  states  of  the  lowest  J manifold. 

It  would  appear  that  the  extra  anisotropy  is  averaged 
out.  Preliminary  calculations  show  that  this  would  be 
unlikely  if  the  extra  anisotropy  in  the  ground  state  re- 
sulted from  partial  occupation  of  fluorine  p orbitals  by 
the  unpaired /electron.  Rather  our  calculations  show 
that  this  situation  would  result  if  the  extra  anisotropy 
was  an  anisotropic  Fermi  contact  term  produced  by  an 
indirect  polarization  mechanism. 

The  values  of  as  are  all  negative  and  the  values  for 
the  interstitial  ions  are  more  than  triple  in  magnitude 
to  those  for  the  closer  lattice  ions.  It  has  been  custom- 
ary for  researchers  studying  NMR  shifts  in  lanthanide 
complexes  to  assume  that  the  shift  for  atoms  adjacent 
to  rare  earth  ions  is  Fermi  contact  in  nature  and  that 
r.3  is  given  by  the  equation27,23’33 
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Thus  by  £q.  i ! <*s  sc.-iuju  also  ->e  oos.ttve  rather  t n 
the  observed  negative  value.  V/oifa  and  .Markiewicn1' 
have  also  found  that  A,,  is  positive  for  in  cubic  sites 
and  have  shown  that  it  is  large  and  positive  for  or.?  set 
of  lattice  fluorides  next  to  the  ion  defect  pair  and  small 
and  negative  for  the  second  set.  The  average  A,  (which 
is  all  we  would  observe  in  our  experiments)  would  how- 
ever still  be  positive.  Further,  although  they  find  A, 
to  be  negative  for  the  interstitial  fluoride  ion,  consis- 
tent with  our  value  of  r.,,  its  magnitude  is  smaller  than 
that  of  the  fluorides  adjacent  to  the  rare  earth  ion  con- 
trary to  what  we  observed  for  the  as  values.  These 
arguments  strongly  suggest  that  Eq.  (7)  is  incorrect 
and  any  conclusions  based  on  its  use  must  be  carefully 
reexamined. 
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The  Defect  Mode!  and  Oxidation  State  of 
t uropiutn  and  Molybdenum  in  EurMoOa 

N-vmn  N.  Greenwood.'13  Franeisca  Viegas,1*  Ephraim  Banks.15* 
it:*!  Michael  Nemiroff15* 

Xo-.ual  A torch  26,  1976  AIC60239Y 

\ new  scries  of  tetragonal  schcelite-tvpe  compounds  with 
. t . cbiometry  EttvMoOa  (0.67  < x < 1.00)  was  recently 
vpi  fted  by  Banks-  and  the  scitcclite  soiid-srdution  scries 
’ u > >;  Lt.;( MO;)  i (M  = Mo,  W)  have  also  been  studied 
•*■*  McCarthy.5  Unit  cell  parameters  and  density  measure- 
'*  .’gest  a cation  vacancy  model  leading  to  the  for- 
• •*>.!.,»•*  * i *)11!  i,  l'u,ll:  C3Mo04  where  y - 1 - x and  x is  the 
'metric  amount  of  europium  in  Eu.vMcOj  (i.e., 
• -vMcOeL  There  is  some  uncertainty 

v't.'ening  the  oxidation  state  of  mo’ybrionum,  and 
■ ;•  thte  presence  of  Mov  has  been  pcKiubtvri.1  sought 
• '-Li'  titverbihity  by  determining  the  area  ratios  of 

' I I a '•  V ■ sbaucr  resonance  peaks  as  previously 
> f '(•  '•’wi-cd  st  ai.*  lor  the  rel'k-d  phases  Fu,WO*. 


Our  results  allow  us  to  rule  out  the  presence  of  [MovO.»]'- 
tetrahedra  in  the  series  Eu.vMcOj,  though  when  gadolinium 
is  also  present,  as  in  the  two-phase  mixture  of  overall  com- 
position “Gdo.5Euo.5McO.,".  then  the  observed  Eu,!/Eum  ratio 
can  only  be  explained  by  the  simultaneous  partial  reduction 
of  molybdenum(VT)  or  the  much  less  likely  reduction  of 
gadolinium(IIl). 

Experimental  Section 

Samples,  were  prepared  as  previously  described.1  The  material  listed 
as  “Gdo.sEuo.<MoOi"  was,  in  fact,  an  equimolar  mix.ure  of 
GdrissEuo  15M0O4  and  Gdo isEuiyssMoO*. 

Mossbauer  spectra  were  obtained  using  Ebcint  equipment  as 
previously  described,5  with  both  source  and  absorber  at  4.2  K.  The 
source  was  300  r.iCi  :5lSml-;  and  the  resor.ir.ee  line  widths  were  in 
the  range  2.4-3. 5 mm  s'1  for  Eul;!  and  4. 3-5. 7 mm  s ' for  Eu1’ 
Samples  were  mounted  with  a thickness  of  10-20  mg  of  15'Eu/cm: 
except  for  “Gdo fEuy-MoCV  which  had  6.7  me  of  l5lEu/cm-. 
Acceptable  spectra  were  obtained  with  about  3 x 10"  counts  per 
channel. 

Her, tilts  and  Discussion 

Typical  spectra  are  shown  in  Figure  1.  The  most  obvious 
features  arc  'ho  complete  lack  of  any  magnetic  h.yperfine 
interaction  at  -1.2  K and  the  presence  of  substantial  amounts 
of  Fu".  'fbi  relative  proportions  of  Eu**  and  Eu*11  in  the 
varans  sampler,  are  shown  in  the  Table  1.  Experimental  values 
wee  calculated  from  the  areas  of  the  computvr-titkd  rcso- 
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Table  1.  ?fil.v.v»uer  ifata  ; nd  P: 

oponn 

■>r>  of  Eu1* 

uuJ  ru,1!  in  Lu,MnO, 

105. 

lArcent.-a  fu11 

'•aiKnuy!  E> 

.III 

M iterul 

i(Eu» 

),a  turn  s'1 

Exptl  TmCo: 

Sil  :j inn  s' 

Lxptl 

The  or 

E-  A VO. 

- 

•11.7 

73  r 2 77 

•<*0.o 

27  V 1 

22.2 

ha  .. MoC» 

- 

-12.1 

15*2  14.3 

+0.6 

85  r 2 

S5.7 

F.u , „MhO, 

0-.  0 .1  0 

+0.7 

100  a 0.1 

100 

'GJvlfca0,MoO." 

- 

■12.0 

55  a O.S  Sni  text 

+0.9 

45  i 00.7 

See  text 

u Chemical  twiner  shifts  6 arc  quoted  relative  to  fc'uF,  as  ccro. 
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nances  on  the  assumption  that  both  species  have  the  same 
Mcssbauer  recoil-frce  fraction.  The  theoretical  values  were 
calculated  according  to  the  cation  vacancy  defect  model  with 
no  contribution  from.  Mov.  Since  saturation  effects  will  tend 


to  decrease  the  intensity  of  stronger  peaks,"  the  concentration 
of  Ha”  in  EcohioO;  will  ce  siightiy  greater  than  the  un* 
corrected  experimental  value  of  73Lo  ar.d  the  concentration 
of  Hu111  in  Ei'uiMoOj  wall  be  slightly  greater  t'..an  85jj.  Tiic 
close  agreement  of  these  values  with  those  calculated  on  the 
basis  oi  the  cation  vacancy  model  rules  out  the  possibility  of 
any  significant  reduction  of  molybdenum  to  Mov  and  the 
ptcsence  of  [Mo' O.]-"  ions  in  these  phases  since  this  would 
substantially  reduce  the  concentration  of  Eu11  required  for 
charge  baiar.ee. 

hi  the  case  of  ‘ Gdo  <Eun  sMoOa”.  the  tv,o-phase  mixture 
of  limiting  solid  solutions  was  studied  because  no  samples  of 
the  s.T.ale-r'njse  ttertals  remained  from  previous  work.  Table 
1 :-w*  th  tt  -f •■!!  t!  - c ir.viu-  ; :V;|.  The  ph.se 
OdasjHuo.isMoOu  contained  predominantly  [Mo'Oj]-*"  ions, 
imply  ing  t!...t  both  gadolinium  and  europium  are  in  the  3+ 
state;  this  accounts  far  one-third  of  the  Eu  re  .c.n^nce  .trea. 
The  second  r*h*  e ( Gt»«. ; jCtto. t y MoO :)  contains  the  other 
two-thuds  of  live  Eu'!'  «i.e..  Eu'll.,.so);  charge  balance  then 
requires  that  part  cf  the  molybdenum  in  this  phase  is  also 
present  as  Mov.  the  detailed  formulation  being 
Gd,,lo.i«Eullo  <;Hu,*to..vMovo  4?  Mo'  *o  jsOj. 
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Electron  spin  resonance  spectra  measured  in  CrO. : ""  doped  fluoroapatite  Ca,'  PO, ) F single  crystals  at 
liquid  helium  temperature  show  the  presence  of  three  magnetically  nonequivalent  chromate  (V)  tetrahedra 
indicating  that  hexagonal  tPii  ’m)  fluoroapatite  similar  to  chlero-  and  hydroxyapatite  undergoes  a phase 
transition  at  low  temperature  to  a phase  of  lower  symmetry.  Spin-Kamiltonian  parameters  determined  by 
an  analysis  of  the  electron  spin  resonance  spectra  are  presented.  The  ground  state  of  the  unpaired  d 1 
electron  is  found  to  be  d,i. 
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It  has  been  established  that  both  synthetic  hydroxy- 
apatite, Ca5(PO4)30H:,:!  and  stoichiometric  chloroapatite 
Ca5(POs)3ClJ  have  a monoclinic  pseudehexagonai  (P2  »*) 
crystal  structure  near  room  temperature  and  undergo 
a reversible  transition  to  the  hexagonal  (P,  /„)  struc- 
ture near  200  °C. 4,5  The  monoclinic  cell  is  generated 
by  the  doubling  of  the  hexagonal  a axis  due  to  the  order- 
ing of  the  hydroxide  or  chloride  ions  along  the  hexagonal 
c axis  which  changes  the  mirror  plane  c:  T\  , to  the 
glide  piane  of  P~.  ,s.  The  hexagonal  nr; is  remains  the 
unique  axis.  Structural  investigations  by  x-ray  diffrac- 
tion show  three  crystallcgraphically  aisti.net  sets  of 
tetrahedra  each  considerably  distorted  from  Ti  sym- 
metry in  monoclinic  hydroxyapatite  and  chloroapatite.2,3 
In  hexagonal  apatites  all  six  POj*  tetrahedra  are  crys- 
tallographically  equivalent. 

Recently  we  have  confirmed  the  existence  of  the 
monoclinic  (P2l/6)  phase  in  synthetic  chloroapatite  sin- 
gle crystals  doped  with  Cr04*  by  electron  spin  reso- 
nance measurements  at  liquid  helium  temperature.5 
The  ESR  measurements  showed  three  distinct  para- 
magnetic ions,  corresponding  to  the  substitutional  re- 
placement of  three  nonequivalent  POj'  by  Cr04'  tetra- 
hedra. 

Fluoroapatite,  Caj(P04)3F  has  previously  been  ob- 
served only  in  the  hexagonal  (P^/m)  form7" 3,9  and 
attempts  to  detect  the  monoclinic  form  analogous  to 
chloroapatite  and  hydroxyapatite  by  low  temperature 
x-ray  diffraction  single  crystal  studies  down  to  liquid 
Nj  temperature  and  by  calorimetric  differential  thermal 
analysis  have  (ailed. 

In  this  paper  we  present  evidence  on  the  basis  of  ESR 
measurements  made  at  liquid  helium  temperature  on 
single  crystals  of  fluoroapatite  doped  with  Cm'  that, 
similar  to  chloro-  and  hydroxyapatite,  fluoroapatite 
undergoes  a phase  transition  from  the  hexagonal 
to  a lower  symmetry  most  likely  nior.oclinic  (P2[  #) 

phase. 


EXPERIMENTAL 

Single  crystals  of  Ca.:(P04,  Cr04)3F  with  small  con- 
centrations of  Cr  were  grown  from  the  melt  using  ex- 
cess CaF,  as  flux.  A typical  composition  used  lor 
growth  of  a 0 . zc;  Cr04‘  content  was:  2.995 
mole  Ca3(P04b,  0.C05  mole  Cr203,  0.015  mole  CaCO;, 
and  12  mole  of  CaF2.  The  starting  materials  were 
thoroughly  mixed  and  fired  overnight  in  tightly  covered 
platinum  crucibles  at  1400  7C  in  air  and  cooled  to 
1200  ’C  at  3Vh;  from.  1200  ’C  the  crystals  rapi^’y 
cooled  to  room  temperature  in  the  furnace.  The  crys- 
tals were  washed  free  of  any  adhering  CaF2  by  boiling 
in  water,  and  then  they  were  mechanically  separated 
from  the  powdery  flux.  Light  green  crystals  in  the 
shape  of  needlelike  irregular  hexagonal  prisms  of 
Cr_;(PO.,  Cr04);F  were  obtained  this  way.  X-ray  dif- 
fraction patterns  confirmed  the  formation  of  Ca4(P04, 
Cr04)3F  in  the  hexagonal  phase. 

ELECTRON  SFIN  RESONANCE  SPECTRA 

Electron  spin  resonance  spectra  were  taken  with  an 
X-band  coherent  superheterodyne  spectrometer  operat- 
ing in  the  absorption  mode  and  using  field  modulation. 
The  klystron  frequency  was  ~ 9100  MHz.  A single  crys- 
tal of  CajfPO,,  Cr04)3F  with  about  0. 5°t  Cr  content  pro- 
duced no  ESR  signal  at  room  temperature,  but  a broad 
signal  (~  70  gauss)  at  abcut  f*2  was  detected  at  liquid 
Nj  temperature.  At  liquid  helium  temperatures  the 
broad  line  split  into  three  sharp  (~  1 G width)  signals  as 
shown  in  Fig.  1.  A single  crystal  of  Ca5(P04,  Cr04)3F 
was  oriented  by  x-ray  diffraction  methods  and  rotational 
ESR  spectra  were  recorded  at  liquid  helium  tempera- 
ture about  three  orthogonal  crystallographic  axis  a , rP 
(direction  perpendicular  to  nc  in  the  hexagonal  cell), 
and  c (hexagonal  c).  The  magnetic  field  was  perpendic- 
ular to  the  axis  of  rotation.  Absorption  lines  were  ob- 
served at  10°  intervals  as  the  magnet  was  rotated  about 
the  crystal.  Weak  hvperfine  lines  corresponding  to 
interaction  between  the  magnetic  moment  of  the  electron 
and  the  nuclear  magnetic  moment  of  Crj5  (/  = {)  could 
be  seen  near  the  main  resonance  linos  for  certain  orien- 
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FIG.  1.  First  derivative  of  the  electron  spin  resonance  ab- 
sorption carve  tor  Ca5  (PC..  CrO.),F:  rotation  abort  a crys- 
tallographic axis. 

t.uious  oi  tne  crystal  tl i_..  it.  Due  tu  the  t - — tit  u.y 
small  splitting  of  the  spectra  the  hyperfitie  lines  were 
poorly  resolved  an  1 a meaningful  analysis  of  them  was 
r.ot  possible. 

RESULTS  AMD  PRELIMINARY  ANALYSIS 

It  is  reasonable  to  expect  that  the  low  temperature 
phase  o:  fluoroapatitc  is  pseuriohexrgonai  monoclinic 
similar  to  the  low  temperature  forms  of  chloro-  and 
!■>  .‘.rc.v . pmtte,  und  in  C: C;'  doped  Ca^FQ^F  there 
v.ull  to  at  toast  three  hinds  of  paramagnetic  ions  in  the 
lattice  as  observed  in  chioroapatile.  The  C:Cj"  ion  with 
one  unpaired  electron  has  electronic  spin  S =y,  hence 
the  paramagnetic  resonance  spectrum  for  three  crvstal- 
lographically  distinct  chromate  (V)  ions  will  show  three 
main  resonance  lines  (each  accompanied  by  four  hyper- 
fine  lines  if  completely  resolved.  Such  a pattern  is 
seen  in  the  data  shown  in  Fig.  2(a)-2(c)  in  which  are 
plotted  the  resonant  magnetic  fields  for  the  main  ab- 
sorption peaks  of  the  spectrum  as  a function  of  angular 
rotation.  The  three  peaks  are  expected  to  split  when 
the  magnetic  field  is  net  along  a symmetry  direction 
siuce  then  the  crystallographically  equivalent  tetrahedra 
do  not  all  make  the  same  angle  with  the  magnetic  field. 
Such  a splitting  is  seen  in  Fig.  2(a)-2(o).  However,  it 
is  rather  small — much  smaller  than  observed  in  the 
chloroapatite.6  This  indicates  that  the  electric  axes  of 
each  chromate  tetrahedron  are  aligned  nearly  along 
symmetry  axes. 

We  can  qualitatively  obtain  the  orientations  of  the 
electric  axes  by  a closer  examination  of  Fig.  2.  Figure 
2ro)  shows  a relatively  small  variation  of  the  resonant 
magnetic  fields  for  the  peaks  as  a function  of  angular 
rotation  for  species  A and  B;  the  </  values  nearly  super- 
impose when  the  crystal  is  rotated  about  the  r.  crystal- 
lographic direction  indicating  Mirt  the  electric  axes  fer 
bo'r.  A and  K arc  cri. •tried  relatively  close  to  the  v axes. 
Similarly  the  an. pilar  variation  ot  resonant  magnetic 
field  is  almost  constant  for  the  peak  corresponding  to 
un.quo  tetrahedron  C,  shown  in  Fig.  2(c),  suggesting 


that  tire  electric  axis  is  nearly  parallel  w.ih  the  »»•  a<- 
rection  in  mis  tetrakeuroa. 


Eacii  line  in  Fig.  ?'a)— 2' c)  was  least  squares  tilted 
to  the  function: 


a-  = f ..3 


(1) 


In  the  case-  of  the  split  lines  the  tit  was  made  to  the 
average.  The  results  ot  the  fits  are  plotted  in  Fig. 

2(a)— 2(c).  u was  the  same  for  all  ot  the  rotations 
indicating  axial  symmetry.  Thus  the  spectrum  can  be 
interpreted  by  the  axial  spin  Hamiltonian: 

+ • (2) 

From  the  fitting  parameters  in  Eq.  (1)  we  have  made 
the  identification  of  species  A.  B,  and  C shown  in  Fig. 
2(a)— 2(c)  and  obtained  the  spin  Hamiltonian  parameters 
given  in  Table  I.  The  angles  a and  d give  the  orienta- 
tion of  the  electric  a axis  relative  to  the  crystal  axes 
as  shown  in  Fig.  3.  The  large  errors  in  a arise  be- 
cause the  ESR  is  insensitive  to  small  changes  in  a when 
a is  near  30’. 
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FIG.  2.  Magnetic  field  //  (aausst  at  center  of  peak  vs  6 the 
angle  between  crystal! ^graphic  axis  and  magnetic  field.  (a) 
Hatation  about  r axis.  1!  parallel  to  n at  i>  = Hi  . ib)  notation 
abou'  ..  axis.  1/  parallel  to  c at  s - 1*1)  . (c>  Ho’ atien  abort  r.' 
axis,  II  parallel  to  a at  fl  - ;o  . o Experimental  values.  — 
l.eas'.-s yuares  fit.  Die  small  dift'ererec  ir.  'he  maximum 
values  of  curve  /(  and  B inc.icnies  a small  n isalignmc  it  of  the 
rotation tl  axis. 
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is  much  smaller  than  AC,**.,*,.  !<•  ■**--  fee 
previously,  that  &£UW,  '-wxr.ot  porsibly  • <: 
greater  than  J For  a rf.j  ground  s 

Thus  the  data  indicate  that  the  electron  i»  i 
al  in  its  ground  slate.  ,y_  =1.062  implies  > 
= 0.0037.  Equation  (5)  indicates  • must  b< 
2.  C023.  Wo  attribute  tits  observed  devir.ti* 
to  third  order  eiiects  in  which  the  aumixtui 
higher  ?(  state  into  the  d,s  mound  stall 
account11: 


orbit' 


close  to 


making  zx*3j‘  '^’e  would  presumably  observe  this  ef- 
fect with  a more  accurate  determination  of  y or  in  the 
hyperfine  lines  if  they  could  be  resolved.  Au  analysis 
including  third  order  effects  has  been  carried  cut  for 
the  ESR  of  CrO,"  in  ci.'.oroapatite  and  spediosite.  f,‘“ 
The  results  of  such  an  analysis  are  given  in  Tabic  II 
in  comparison  with  chlorcap.vite  and  soodiosite.  Since 
we  observe  a.ual  symmetry  and  have  no  hyperfine  data 
for  the  fluoroapatite,  v.e  are  able  to  determine  only  the 
ratio  ?j2/A u 


d C with  the  corresponding 
cf  mor.ee  1 title  fluoroapatite 


in  Tame  ;.  t =l.t>al  and  y.  - 
atomic  i1  orbitals  and  using  • 

theory,  the  spin— Hamilconiu: 
ground  state10  are: 


Comparison  of  the  ESP.  linewichh  which  shows  signifi- 
cantly broader  lines  for  cnlorcnpntice  10  C,'  than  for  fluo- 
roapatite ('  1 G) provides  evidence  that  A/;,..  , is  consid- 
erably larger  in  fluoroapatite.  The  smaller  value  of 
6J/AE(ry,  for  fluoroapatite  compared  to  chloroapatite 
(Table  II)  is  in  agreement  with  the  above  result.  The 
effective  distortion  of  tetrahedra  in  fluoroapatite  ap- 
pears to  increase  AE(Ty),  resulting  in  a smaller  mixing 
ofrfws.,3,  into  the  </,s  ground  state,  ar.d  the  apparent 
axial  symmetry  of  the  electric  axis. 

The  position  of  F"  ions  at  z =i  and  z =|  or.  the  mirror 
planes  in  the  center  of  Ca2*  triangles  (in  P?,,-)  is  sig- 
nificantly different  from  that  of  the  chloride  ions  which 
are  residing  between  the  mirror  planes  ru  z-  0,  i in  the 
apatite  structure,  hence  the  observed  differences  in  the 
ESR  properties  of  the  two  systems  are  expected.  It  is 
likeiy  that  the  fluorides  are  randomly  vibrating  about 
the  mirror  plane  position  at  room  temperature  produc- 


TAULE  IT.  Comparison  of  the  crystal  field  parameter 
CrOv"  in  apatite  and  spediosite. 
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itrg  die  overall  cJoct  of  the  observed  P. . symmetry, 
however  at  some  lever  temperature  the  tlv.o  -iaos  may 
com*  to  an  equilibrium  portion  which  Is  slightly  off  the 
mirror  plane,  resulting  la  a lower  symmetry  in  fleoro- 
apaiite. 

R event  low  temperature  x-ray  diffraction  studies  on 
single  crystals  oi  Ctij(FCh);F  show  unambiguously  a 
hexagonal  — monoclinic  phase  transition  at  ~ 133  "Ku  in 
agreement  with  a previous  report  that  such  a transi- 
tion occurs  at  about  1-10  JK  as  shown  by  an  anomaly  oc- 
curring in  dielectric  constant  and  specific  heat  mea- 
surements on  fluorcapatite.  ;°,:7  The  x-ray  data  at  low- 
temperature  suggests  the  transformation  to  a noncen- 
trosymmctric  Ps/i  space  group  which  requires  the 
phosphate  tetrahedra  to  occupy  six  nonequivalent  sites. 
The  ESR  results  in  this  study  indicate  slight  splitting 
of  each  of  the  three  bands  observed  in  several  crystal 
orientation  about  each  rotation  axis  l Fig.  2(a)— 2(c) ; 
such  that  six  peaks  can  be  accounted  for:  however,  this 
e-fect  can  also  be  due  to  symmetrically  relat&a  mag- 
netically nov.-Muit  atom  tctranecira,  ana  -a  j,  it  is 
r.ct  possible,  on  the  basis  of  ESR  data,  to  confirm  the 
existence  of  a low  temperature  ncncentrosymrnetric 
space  group  for  flucroapatite.  Work  is  in  progress  to 
determine  the  structure  of  the  monociinic  form  cf 
fluorcapatite  in  detail  by  x-ray  diffraction  techniques. 
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X-ray  photoeralssioa  spectra  cf  W core  levels  in  metallic  sodium  tungsten  bronzes, 
NajV/Oj,  clearly  show  asymmetries  due  to  many-body  effects.  Na  and  O core  levels  show 
only  the  expected  plasmon  satellite,  demonstrating  the  importance  of  the  local  density  of 
states  in  the  screening  of  tha  core  hole. 


The  importance  of  many-body  effects  in  x-ray 
spectroscopy  was  pointed  out  in  various  theoreti- 
cal papers  a number  of  years  ago.1*2  Experimen- 
tal evidence  to  support  these  theories  has  been 
sought  in  the  x-ray  threshold  anomalies  of  sim- 
ple metals  like  Li,  Na,  Mg,  Al,3  ar.d  the  Mg.Sbj., 
alloys.4  However,  none  of  the  theories  seems  to 
explain  the  data  satisfactorily.5  Many-bodv  ef- 
fects are  also  expected  to  be  important  in  photo- 
emission  spectroscopy.5  The  effect  of  extra- 
atomic  relaxation  on  binding  energies7  is,  in  a 
sense,  a many-body  phenomenon  even  though  the 
leading  term  is  Hartree-like.  Neither  this  nor 
the  well-known  satellites  are,  however,  many- 
body  effects  in  the  sense  of  P.efs.  1-3.  The  dis- 
crepancy between  the  observed  positive  electron- 
spin  polarization  of  photoelectrons  from  Ni  and 
Co  near  threshold8  and  the  prediction  of  nega- 
tive polarization  by  the  Stoner-Wohlfarth-Slater 
band  theory  of  magnetism  has  been  considered  as 
among  the  first  clear  examples  of  the  importance 
of  these  many-body  interactions  during  the  photo- 
emission process.3  The  appearance  of  an  asym- 
metry in  the  line  shape  of  3 d and  4/  core  levels 
in  x-ray  photoemission  spectroscopy  (XPS)  of  id 
and  3 c metals,10  and  similar  observations  in  sim- 
ple metals,11*12  provide  direct  evidence  for  the 
fundamental  role  of  the  core-hole  potential  in  pho- 
toenussion  data.  The  asymmetry  was  ascribed 
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to  the  interaction  of  the  suddcnlv  created  poten- 
tial of  the  photohole  with  the  conduction  electrons. 
Apart  from  these  first  observations  there  is  lit- 
tle other  experimental  information  on  the  coup- 
ling between  a hole  state  and  conduction  electrons 
in  photoemission. 

This  Letter  is  a preliminary  report  cf  an  XPS 
study  of  the  sodium  tungsten  bronzes,  Na,W03. 

V/e  show  that  these  mixed -valence  metallic  ox- 
ides provide  a unique  opportunity  for  the  investi- 
gation of  the  dependence  of  many-body  effects  on 
conduction-electron  concentration,  total  density 
of  states,  local  density  of  states  at  the  site  of  a 
given  atom  in  the  solid,  ar.d  nature  of  the  wave 
functions  forming  the  conduction  band. 

The  cubic  Na,W03  are  closely  related  to  the 
AB03  ternary  oxides  with  (distorted)  perovskite 
structure,  ar.d  have  been  the  subject  of  numer- 
ous investigations.13'15  Their  electronic  struc- 
ture has  been  considered  in  detail  from  the  theo- 
retical point  of  view,14  while  experimental  infor- 
mation has  been  derived  mainly  from  optical  stud- 
ies.15 Single-crystal  specimens  of  Na,\V03  with 
- 16-mm2  area  were  cut  from  larger  single  crys- 
tals obtained  by  electrolysis.  Surfaces  for  the 
XPS  study  were  prepared  by  cleaving  as  described 
by  Wertheim  el  a!.'e  Data  were  ootair.od  with 
mor.ochromatizcd  Al  Kty  radiation  using  as  HP- 
5030a  FSCA  spectrometer. 
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FIG.  1.  Valecce-band  XPS  spectra  of  vacuum-cleaved 
Na,WOj  and  F.eO,. 

In  Fig.  1 we  show  the  XPS  valence  band  of 
Na,W03  for  the  nominal  compositions  x =0.620, 
0.764,  and  0.805,  as  determined  from  lattice- 
constant  measurements.  For  comparison  we  al- 
so show  the  valence  band  of  ReO,.16  From  an  in- 
spection of  Fig.  1 we  conclude  that  the  electronic 
structure  of  the  NaJ\V01  is  very  similar  to  that 
of  ReO,,  and  presumably  representative  of  the 
AB Oj  perovskites.  Note,  however,  that  the  XPS 
valence-band  spectrum  does  not  reproduce  the 
total  density  of  states,  out  is  most  sensitive  to 


the  covalent  admixture  of  hither  angular  momen- 
tum states  into  the  p band.10  The  heights  of  tue 
spectra  of  the  valence  bands,  centered  about  7 
eV  below  £ r , have  been  normalized  in  order  to 
show  that  the  area  of  the  conduction-band  peal: 
near  £F  increases  in  proportion  to  the  Na  content. 
The  data  provide  a direct  visualization  of  the  fill- 
ing of  a conduction  band  in  a solid  with  increasing 
electron  concentration.  In  fact  the  width  of  the 
conduction  band  increases  slightly  from  an  exper- 
imental full  width  at  half -maximum  of  1.00±0.05 
eV  to  1.15±0.05  eV  with  increasing  .r.  This  dem- 
onstrates that  the  conduction  band,  although  made 
up  of  a covalerd  admixture  of  \V  e.d  and  O 2p„ 
wave  functions,  is  filled  by  electrons  donated  by 
the  Na,  with  a c.:.de.e!h: -c'-.etien  ooueer.tration 
equal  to  the  sodium  concentration.13* 14 

Tne  data  are  in  good  agreement  with  the  results 
of  theoretical  studies  of  the  electronic  structure 
of  the  perovskites,13* 14  and  thus  support  the  view 
that  the  information  obtained  by  XPS  is  mostly 
bulk  information. 

The  most  interesting,  and  initially  puzzling  re- 
sult is  provided  by  the  W 4/  spectra,  shown  in 
Fig.  2.  The  4/  region  is  not  a simple  spin-orbit 
doublet  of  symmetrical  lines  with  7:5  intensity 
ratio  as  one  might  expect  cn  the  basis  of  the  4/ 
spectra  of  W or  W03,17  or  from  simple  theoreti- 
cal considerations.  The  dominant  extraneous  fea- 
ture is  provided  by  the  third  peal:  at  38.5  eV,  2 
eV  below  the  4 f}/1  line.  This  peak  is  clearly 
broader  than  the  other  two  lines  suggesting  that 
it  represents  a plasmon  energy  loss  and/or  oth- 
er many-oody  satellite.13  The  former  is  not  an 
unlikely  interpretation  in  view  of  similar,  though 
weaker,  energy-loss  features  cn  the  Na  and  O 
Is  lines  and  the  strong  2.1-eV  peak  observed  in 
the  energy-loss  function  in  Ref.  15.  Either  alter- 
native implies  that  there  must  be  another  satel- 
lite belonging  to  the  4 fvi  line,  lying  directly  be- 
neath the  4 fil2  line.  The  intensity  ratio  of  the 
two  satellites  must  also  be  approximately  in  the 
ratio  7:5.  The  shape  of  the  4/  core  lines  also  re- 
quires comment.  An  examination  of  Fig.  2 shows 
that  there  is  a long  tail  toward  greater  binding 
energy  in  the  4/  spectrum.  This  tail,  although 
not  so  pronounced,  is  present  on  each  W-core- 
level  line.  It  is  not  due  to  the  2-eV  plasmon  be- 
cause a similar  tail  is  not  found  in  the  O and  Na 
Is  spectra,  shown  in  Fig.  3.  which  do  exhibit  the 
plasmon  energy  loss.  The  Na  is  line  is  clearly 
symmetrical,  even  though  its  width  greatly  ex- 
ceeds the  natural  width.  According  to  current 
theoretical  investigations  the  interaction  of  the 
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FIG.  2.  XT’S  spectra  of  the  4/  region  of  NaqWOj. 


photoelectron  with  other  electrons  during  escape 
from  the  solid  can  be  neglected  (except  for  plas- 
mon  excitation).  We  therefore  ascribe  the  long 
tail  of  the  W lines  to  the  coupling  of  the  core  hole 
with  the  Fermi  sea,  as  suggested  by  Doniach  and 
Sunjic/'  The  asymmetry  parameter,  a.  inferred 
from  an  analysis  of  the  spectra  in  Fig.  2,  lies  in 
the  range  -0.15  to  0.19,  with  a tendency  to  de- 
crease with  increasing  x.  It  can  be  understood  by 
assuming  that  the  / hole  is  effectively  screened 
by  p and  d phase  shifts  in  the  5 d conduction  band. 


540  530  520 

ENERGY  BELOW  EF(2V) 

FIG.  3.  XFS  spectra  of  the  Na  and  O Is  lines  of 
f'a«.t6<  W03. 


From  the  absence  of  asymmetric  broadening  of 
the  O and  Na  levels  one  concludes  that  the  inter- 
action of  the  core  hole  with  the  conduction  elec- 
trons is  a local  effect,  directly  related  to  the  na- 
ture of  the  wave  functions  forming  the  conduction 
band  and  not  a simple  “jellium”  effect.  The  fact 
that  the  density  of  conduction  electrons  vanishes 
at  the  Na  nuclei  is  reflected  in  the  much  weaker 
coupling  between  Na  core  holes  and  the  conduc- 
tion electrons.  Core-level  line-shape  analysis 
therefore  provides  another  technique  for  the  study 
of  covalent  mixing  in  the  conduction  band. 

A more  precise  pic*-i.e  o*  the  satellites  on  the 
4/  lines  can  be  obtained  by  subtracting  the  main 
lines  under  the  assumption  that  they  have  the 
Doniach-Sunjic5  line  shape.  Two  broad  symmet- 
rical satellites  with  the  proper  7:5  intensity  ra- 
tio are  obtained,  but  the  strength  relative  to  the 
4/  lines  is  much  greater  than  expected  on  the  ba- 
sis of  the  plasmon  satellites  cn  the  Na  ar.d  O Is 
lines.  This  suggests  that  the  extra  intensity  is 
due  to  another  mechanism,  the  most  likely  one 
being  that  proposed  in  a recent  paper  by  Kotani 
and  Tovazawa.13  In  their  model  photoionization 
of  a core  electron  in  a rf-band  metal  may  puli  a 
normally  empty  d state  below  the  Fermi  energy. 

If  that  state  is  filled  by  an  electron  from  the  con- 
duction band  the  asymmetrical  main  line  is  ob- 
tained: if  it  remains  empty  a life-time-broadened 
satellite  appears  at  greater  binding  energy.  Tins 
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corresponds  very  closely  to  vhut  is  found  in 
Na,WOs;  even  the  2-eV  sepnr.ui-.n  corresponds 
veil  to  the  shift  expected  for  removal  of  or.e  elec- 
tron. 

A detailed  discussion  of  (1)  the  relationship  be- 
tween the  electronic  structure  of  the  bronzes  end 
XPS  valence-band  data.  (2)  the  connection  be- 
tween XP3  binding  energies  of  W and  Na  core  lev- 
els and  spin-relaxation30  ar.d  Kr.lght-shift31  exper- 
iments, and  (3)  the  implications  of  the  detection 
of  a unique  V/  4 / doublet  on  conduction-electron 
delocalization  will  be  published  elsewhere.  A 
more  extensive  investigation  of  the  dependence 
of  a on  x and  on  the  local  environment  is  in  pro- 
gress. 
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In  an  article  (1)  entitled,  “The  Growth  of  the*  Lu- 
minescence Section''  Hue.. 'oh  Nay;.  semmurized  the 
major  developments  in  it;. .ting  an*;  y’.csr  r.crs  for 

Thi*  Jouinat  or  present1-*.’  a;  Society  2f.eet.nj.>  through 
195!.  Although  he  disclaimed  complete  to "crr.ge.  t;.e 
major  trends  were  well  represented  by  those  papers. 
The  luminescence  symposia  which  featured  the  spring 
meetings  had  begun  in  1945  and  of  the  50  references 
cited  by  Nagy,  just  25  dealt  with  phosphors  or  their 
behavior  in  lamps  and  other  devices,  including  two  re- 
views (.2)  by  Fonda  of  annual  progress.  These  became 
biennial,  the  last  appearing  in  ’957  Cl).  Four  i efc.-e.ices 
were  on  semiconductors,  which  have  blossomed  into 
the  dominant  subdivision  of  the  Electronics  Division.  A 
nMr*’.bsr  qt  r^icrsnccs  to  £ps  ril?  v» g , s*udK-.?  wore 
also  included. 

A search  through  the  index  of  This  dorm  a!  for  the 
period  1952-1976  revealed  that  almost  590  papers  on 
luminescence  were  published  during  this  period  in 
This  Journal  alone.  Much  of  this  research  was  directed 
to  meeting  the  needs  stated  in  Nagy's  survey:  "There 
is  a great  deal  to  be  learned  regarding  the  mechanisms 
of  luminescence.  We  are  in  need  of  better  phosphors 
for  fluorescent  lamps  and  television  tubes,  and  of  more 
efficient  high  temperature  and  ultraviolet  emitting 
phosphors."  The  Electronics  Division  has  indeed  played 
a major  role. 

Luminescence  research  has  come  a long  way  in  the 
last  quarter-century,  from  an  empirical  art  to  a field  in 
which  considerable  physical  and  chemical  understand- 
ing has  developed.  Modern  phosphor  laboratories  use 
a variety  of  sophisticated  techniques  in  attempts  to 
understand  the  processes  of  luminescence.  These  have 
ranged  from  low  temperature,  high  resolution  spectros- 
copy to  electron  spin  resonance,  NMR,  etc.  In  Nagy’s 
review,  the  first  use  of  powder  x-ray  diffraction  in 
phosphor  chemistry  was  cited — today  it  is  a routine 
procedure. 

Since  the  publication  of  Pringsheim’s  monograph 
(4)  in  1949,  there  have  been  no  such  books  published. 
The  field  has  grown  too  large,  and  the  only  book  which 
has  attempted  to  covei  the  entire  field,  edited  by  Gold- 
berg (5),  is  a symposium  witn  sevetal  contributing  au- 
thors. Other  books  and  chapters  include  Curie  (G), 
Klick  and  Schulman  (7),  Gariick  (C),  Itiehl  (9),  Ilen- 
isch  (10).  Ivey  (11),  Nassau  (12),  and  Day  (13.  14). 
Some  of  these  are  brief  reviews  or  introductions  to  the 
field,  while  others  select  ?.  single  topic  for  discussion. 

During  these  years  there  have  icon  freu  w.-.t  inter- 
national conferences  and  mpotiu  on  ! *rv.  asccnee. 
Those  were  held  at  New  York  University  !r.  1961  (15), 
Balatonvilagos,  Hungary  in  1901  10).  Torun.  Poland  n 
1963  (17),  Munich,  Germany  in  1 .i 73  ’lb).  Hudt.pert. 
Hungary  in  IDS*}  (19).  the  University  cf  Dei* ware  in 
1969  (20),  Leningrad,  U.S.S.P..  in  1973  (21).  Tokyo, 


Japan  it:  1975  (22),  and  this  year.  T..c  cartel 
was  held  in  Paris,  France.  A new  »'••.*.  r..i.  ' •; 
“Journal  of  Lumittes vor.ee,"  began  pubtic&xcr.  in  19'.  .*. 

these  symposia,  as  well  as  research  papers  and  levisv 
articles  on  many  topics  in  luminescence. 

The  fields  of  research  covered  in  these  years  include 
fluorescent  lamp  phosphors,  high  temperature  phos- 
phors for  color  correction  in  HPMV1  lamps,  cathode 
ray  phosphors  for  color  and  monochrome  television, 
electroluminescent  materials  and  phosphors  for  x-ray 
intensificat.on,  to  classify  the  phosphors  by  their  tech- 
nical appliccticn.  Little  attention  has  beer,  given  in  the 
Lumins sconce  Division  of  the  DCS  to  organic  lumines- 
cence, whose  major  applications  are  in  such  devices  as 
liquid  scintillation  count;::. 

Electroluminescence  has  been  the  subject  of  much 
research  as  it  moved  from  an  enact  whose  existence 
was  disputed  by  many  after  it  was  first  reported  by 
Destriau  (23)  through  a stage  of  intense  development 
as  a possible  area  light  source  to  the  development  of 
light-emitting  diodes  and  semiconductor  lasers.  This 
progression  was  reviewed  by  Ivey  (24),  who  had  pre- 
sented a similar  review  of  cath edoluminescence  and 
electroluminescence  in  1957  (25).  Ivey  has  also  com- 
piled a continuing  bibliography  on  electrolumines- 
cence and  related  topics  through  1957  (25).  with  3709 
references  to  papers  and  patents  worldwide.  It  is 
somewhat  ironic  that  the  present  applications  of  elec- 
troluminescence are  based  not  or.  the  Destriau  effect, 
tut  on  the  type  of  electroluminescence  observed  in 
SiC  crystals  by  Lossev  (27)  in  1924,  namely  p-n  junc- 
tion injection  EL.  Modern  devices  are  fabricated  from 
single  crystal  material,  chiefly  GaAs  and  GaAs-GaP 
alloys,  with  grown  junctions  prepared  by  cour.terdop- 
ing  melts  during  growth,  anti  more  recently,  by  epi- 
taxial vapor  growth  on  prepared  single  crystal  sub- 
strates. Semiconductor  diodes  have  teen  constructed  to 
show  laser  action  by  confining  the  p-n  junction  in  a 
feedback  cavity  made  of  polished  surfaces  normal  to 
the  junction  piar.e,  and  a substantial  technology  has 
been  developed  (24). 

The  development  of  light-emitting  diodes  ar.d  semi- 
conductor lasers  lias  reached  the  point  where,  at  least 
for  LED's,  they  have  teacned  into  the  consumer  mar- 
ket. In  conjunction  with  silicon-integrated  circuits. 
I.ED  display  de’.tises  are  now  found  ir.  vristwaLhes 
and  the  ubiquitous  pocket  cr-lcuiators  to  be  found  in 
the  pocket  of  every  college  .'res^’  ii.  .*'11  these  dc- 
\ices  are  based  on  the  generation  of  recombination  lu- 
minescence at  p-n  junctions  in  alloys  of  GaAs-GaP 
Because  G iF  has  n:i  indirect  band  gap.  while  GiAs  has 
a direct  hmtigr.p.  the  efficiency  •>;  light  generation  is 
high  for  compositions  near  GaAs  and  fobs  off  rapidly 
wh°n  the  band  struciuie  of  the  alloy  becomes  GuP- 
lifce,  i.c..  having  indirect  band  gap.  This  has  limited 
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the  emirs’o.n  color  of  the  devices  nc.v  on  ihe  m*vket 
to  the  red  region  o:  the  spectrum,  and  incidentally 
stimulated  considerable  c-ffort  i.i  the  deve'opme.ni  of 
infrared-visible  upconver.-ion  phosphor?  The  iitiikn- 
tion  has  been  partly  overcome  by  the  dkeovorv  of  toe 
effect  of  the  isookctronic  trao,  r.itrog’n,  in  C-..P.  'The 
nitrogen  center  introduces  a short-migc,  iior.cculombic 
akractive  potential  wiili  a binding  energy  of  about 
8 mcV.  The  negative  (NT-)  site  now  may  capture  a 
hole,  forming  a trapped  exciton  which  may  oe  de- 
stroyed by  radiative  recombination,  emitting  green 
light.  Although  the  efficiency  of  this  process  is  low 
(about  l"r),  the  superior  eye  response  in  the  green 
region  of  the  spectrum  mokes  suen  devices  promising 
for  future  display  devices.  Experimental  diodes  are 
now  available.  Seveial  reviews  have  bec-n  published  on 
the  development  of  light-emitting  diodes  and  diode 
lasers  subsequent  to  Kef.  (24),  including  the  reviews 
by  Loren2  (23),  Casey  and  Trumbore  (23).  Muese  et  ah 
(30),  Dean  (31),  and  a very  personal  review  by  Loeb- 
ner  (32). 

At  the  time  of  Nagy’s  article,  the  process  of  replacing 
phosphor  blends  in  standard  fluorescent  1:  mas  by  a 
single  phase  material  was  underway,  stimulated  by 
the  tragic  problem  of  toxicity  of  zinc  beryllium  sili- 
cates and  the  ease  of  fabrication  when  a white  aupear- 

Sb  and  Mn  in  a single-phase  material  (23),  blending 
being  required  only  for  extending  the  spectral  range 
in  deluxe  lamps.  This  Journal  published  oniy  23  papers 
on  halophosphate  phosphors  in  the  next  25  years — a 
surprisingly  small  number.  Of  course,  there  have  been 
many  papers  published  elsewhere  and  much  of  the  de- 
velopment work  appears  oniy  in  the  patent  literature. 
In  the  lamp  phosphor  field,  blends  appear  to  be  making 
a comebi.cn.  with  the  report  of  new  efficient  narrow- 
band  blue  phosphors  based  on  Eu-  + in  apatite  (34), 
and  tho  development  of  the  three  narrow-band  lamps 
by  v ersiegtii  \voi  u,iu  uy  x.iornton  (oS).  A very  recent 
development  involving  the  reintroduction  of  blends  is 
the  blending  of  a phosphor  with  a narrow  blue  band, 
such  as  Sr  chlorapatitcrEu-’’,  with  a “yellow”  broad- 
band phosphor,  for  example,  a ffuorapatite  activated 
with  Sb-'  arid  Mn-*  to  favor  the  Mn  band.  This  com- 
bination was  blended  in  a lamp  having  total  output 
efficiencies  up  to  about  £5  Ipw  in  a blend  containing 
about  Q'l  of  *he  Eu2* -activated  phosphor  - 37.  38). 

There  has  been  considerable  discussion  of  sensitized 
luminescence,  whose  importance  in  phosphors  for  254 
nm  excitation  is  .veil  known.  This  topic  is  discussed  by 
Ivey  in  a review  (39),  ar.d  in  several  papers  in  This 
Journal  (40-42).  Much  discussion  of  the  theory  of  res- 
onance transfer  in  doubly  activated  phosphors  has 
appeared  in  other  journals,  and  many  references  can 
be  found  in  Ivey's  review. 

Over  one  hundred  papers  on  zinc  sulfide  phosphors 
and  related  II- VI  compounds  appeared  in  This  Journal, 
on  topics  including  the  identification  of  trapping  levels 
with  coactivators  (42,  44)  the  study  of  polarized  lu- 
minescence of  single  crystals  (45,46),  the  properties 
of  phosphors  with  new  impurities,  and  electrolumines- 
cent and  cathodoluminescent  behavior. 

The  major  breakthrough  in  cathodoluminescent  ma- 
terials was  the  development  of  efficient  red  phosphors 
with  suitable  decay  characteristics,  beginning  with 
YVO.i: Eu  (47)  and  including  oxysulfides  and  the  cur- 
rently used  Y2Os  (48).  These  phosphors  have  been 
the  most  important  technical  step,  making  possible 
today's  mass  market  for  color  television  (together 
with  solid-state  electronic  devices)  because  a suitable 
reel  phosphor  had  been  a perennial  bottleneck.  Vick- 
ersheim  (ey)  has  presented  a personal  history  of  the 
development  of  the  red  YjO.pEu  phosphor  (59,  31) 
and  some  of  the  background  of  the  development  of  rare 
earth  activated  phosphors  for  x-ray  intensifying 
screens.  Wkltersneim’s  account  suggests  that  some- 
times invention  may  be  the  mother  of  r.ece.  sity  as  the 
first  new  successful  x-ray  phosphor,  CUjO;b:  'fb,  was 
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1 illation  counter.  The  greater  x-ray  stopping  power  of  3 
pho-y’rcrs  ba.-ed  on  rite  ear*.. 5 suggcrici  their  ad- 
va. over  com.  er.'..o*ia*  C-V.  O4-U.1  .rciiyir?  sc:c:-r.s 
kr  iti-p-oved  riwfiu;  >n  in  medical  rr Jlczraphy  or  for 
reduced  dotage  to  pa  : .tvc  and  operators  at  equivalent 
resolution  (5_).  The  disadvantage  that  the  green- 
emfit.ing  Tb’‘r  rc-quirer  grocui-sensitivc  f..m  for  opti- 
mum results  i.as  led  *o  an  intensified  search  for  new 
x-ray  phosphors  with  nigh  x-ray  absorption  and  eni- 
cient  fc.i.e  emission  (53).  Recent  candidates  are  largely 
based  on  the  blue  emission  of  da-*  in  hosts  containing 
heavy  elements  such  ar  barium  and  birmu.n. 

Another  area  in  which  rare  earth  activators  a 
significant  role  is  the  ir.fr, -red-visible  upconve’-sion 
phosphor  (54-57),  in  which  two  quanta  of  near  ir.tr.veq 
arc  absorbed  by  the  phosphor,  and  a visible  light  quan- 
tum is  emitted.  Resonant  energy  transfer,  usually  from 
YbJ  + 10  Ei-31',  is  the  dominant  mechanism.  These  fnuj- 
phors  are  useful  in  converting  the  infrared  emission  of 
GaAs  LED’s  to  visible  light  for  displays,  etc.  Their  up- 

fi*  r*  fi. 

power  dens. ties  ere  re  ; c-uci.  a.  in  fifi  .r  cpti.s 

Kaie  earth  activators  play  a prominent  role  in  solid- 
state  lasers.  Although  the  r.rst  optically  pumped  laser 
was  ta'-ed  on  AT; OstCr2*  (ruby)  t59),  the  next  to  be 
reported  was  based  upon  bivalent  samarium  in  fluo- 
rite crystals  (CO,  CD.  Rare  earth  ions  have  been  es- 
pecially significant  in  solid  lasers  because  they  can  op- 
erate in  a four-level  mode-,  i.e.,  tho  terminal  state  of 
the  stimulated  transition  is  a normally  c-mpty  state 
above  the  ground  electronic  state.  This  permits  laser 
action  to  start  at  modest  levels  of  excitation,  rather 
than  requiring  the  excitation  of  more  than  half  the 
activator  atoms  to  aCuievc  population  .aversion.  Those 
v/eie  followed  by  a veritable  explosion  of  papers  de- 
scribing the  physical  characteristics  and  new  materials 
showing  laser  action.  The  most  important  solid-state 
lasers  today  use  trivalent  neodymium  as  the  activator 
in  a variety  of  hosts  including  yttrium  aluminum  gur- 
net, YnAkOu  (62),  glasses  (63),  apatites  (64,  65),  and 
other  compounds  (66.  67).  Currently,  neodymium  glass 
lasers  are  being  assembled  for  experiments  with  laser 
fusion,  in  which  several  intense  laser  beams  are  fo- 
cused on  a tiny  volume  into  which  small  pellets  of 
deuterium-tritium  mixtures  are  dropped.  The  intense 
concentration  of  energy  in  the  laser  beams  causes  rapid 
ablation  of  the  outer  pellet  material,  creating  a recoil 
shock  wave  which  implodes  the  remainder  of  the  pellet 
and  raises  its  temperature  and  density  to  very-  high 
levels,  where  it  is  hoped  that  nuclear  fusion  will  occur, 
generating  more  energy  than  was  required  to  initiate 
thermonuclear  processes. 

Fluorescence  in  liquids  has  received  rather  little  at- 
tention in  the  field  of  inorganic  luminescence,  although 
there  has  been  intensive  activity  in  the  field  of  organic 
fluorescence  in  solution,  including  many  biochemical 
applications.  Interest  in  liquid  lasers  was  stimulated 
by  certain  obvious  advantages  for  optically  pumped 
lasers,  notably  the  elimination  of  the  need  for  solid 
rods  of  high  perfection,  (either  single  crystals  or 
glasses)  liquids  simply  requiring  appropriate  expan- 
sion votumes  to  accommodate  temperature  changes. 
Another  advantage  is  that  liquids  may  be  circulated  for 
cooling  purposes.  The  liquid  lasers  which  have  been 
most  successful  have  beer,  those  based  on  europium  III 
chelates  such  as  the  tris-dibenzoylmethidc  europium 
molecule  in  solution  in  alcohol,  acetonitrile.  or  other 
solvents  <6S),  solutions  of  rare  earth  oxides  in  SeOClj 
and  similar  solvents  ( 13,  701.  and  organic  dye  .asers 
(71,  72)  in  which  a laser  may  be  tuned  over  the  broad 
fluorescence  cn  issinn  band  of  an  organic  dye  in  scia- 
tic;! by  methods  such  as  varying  the  setting  of  a grat- 
ing ’.hoc!  as  one  reflector  in  the  optical  cavity,  etc.  Such 
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tunable  losers  have  be  on  actively  token  up  i:i  scientific 
instrumentation,  as  they  provi:.  „>  : :i  interne  coherent 
light  source  of  variable  in.  juir.ey. 

The  previous  p-.ragrt.phs  were  organised  in  terms  of 
the  areas  c£  application  o£  phosohms.  Included  in  the 
work  were  a number  of  theoretical  anti  fundamental 
experimental  studies  published  in  T\. s Journal  and 
elsewhere.  Several  such  tundara.-ntal  iss’ ! -3s  occupied 
considerable  time  at  the  annual  meeting.;  of  the  Lu- 
minescence Division  and,  in  my  opinion,  have  contri- 
buted much  to  the  understanding  of  phosphors  find 
led  to  new  materials  for  practical  application.  The 
work  of  V.'ickersheim  and  co-workers,  mentioned 
above  (49,  50).  is  a case  ir.  point.  Another  example  is 
the  work  of  Blasse  (73,  74)  end  co- workers  at  Philips 
Laboratories  and  later  in  a university  setting  on  the 
fluorescence  of  rare  earth  ions  in  a variety  or  crystal- 
line environments,  resulting  in  correlations  of  theory 
and  experimental  behavior  of  rare  earths  in  a variety 
of  oxide  hosts.  Struck  and  Fonger  (75)  have  presented 
a quantitative  theoretical  discussion  of  the  interaction 
between  charge-transfer  states  and  localized  4f  states 
besed  or.  a confiscation  coordir.vtc  rr.d.  - ... 
had  been  claoo.atec;  by  Y, ..warns  > , ; i:\  ; . .r.r 
to  calculate  the  lumir.escer.ee  - • . - 

from  first  principles,  and  was  the  sue. tut  of  co  ..s.dera- 

Schulir.au.  and  their  co-workers  7 i. 

Other  fundamental  studies  on  Zr.S-tvpe  phosphors 
led  to  the  appreciation  of  the  roie  of  reactivators,  al- 
ready prefigured  at  the  time  of  Nagy’s  review  in  the 
paper  by  Kroger  ar.d  Hellingman  (77)  or.  the  role  of 
chlorine  in  seif-activated  Zr.S.  At  the  time,  there  was 
much  doubt  about  the  facts,  but  over  the  years,  the 
role  of  halogens  and  trivalent  ions  was  firmly  estab- 
lished (43.  44).  The  necessity  for  the  coactivator  led 
Prener,  Apple,  and  Williams  (73,  79)  to  formulate  a 
donor-acceptor  pair  model  for  luminescence  in  these 
phosphors.  These  concepts  have  also  contributed  to 
developments  in  semiconductor  lasers  and  light-emit- 
ting diodes. 

This  review  has  skimmed  very  lightly  over  some  of 
the  highlights  in  the  field  of  luminesence  in  the  past 
quarter-century.  Some  important  topics  have  been 
omitted.  Ir.  1952,  it  was  possible  for  a review  to  cover 
developments  of  the  previous  50  yeais  from  the  early 
discoveries  of  the  basic  devices  (fluorescent  lamps  ana 
cathode-ray  tubes)  to  the  most  recent  developments, 
with  coverage  of  recent  studies  in  luminescent  mate- 
rial drawn  from  This  Journal  alone  ana  personal  at- 
tendance at  the  Electrochemical  Society  meetings 
where  the  papers  were  presented.  This  has  not  been 
possible  for  this  author.  The  field  has  progressed  to  the 
point  where  it  cannot  readily  be  reviewed  in  a short 
article.  Papers  on  luminescence  are  appearing  in  many 
journals,  the  solid-state  optically  pumped  laser,  an 
outgrowth  of  luminescence  research,  is  the  subject  of 
numerous  studies,  and  the  semiconductor  laser,  based 
on  electroluminescence  research,  has  also  been  inten- 
sively studied,  as  mentioned  above.  Most  cf  the  needs 
cited  in  Nagy’s  article  have  been  met,  and  develop- 
ments which  could  r.ct  have  been  foreseen  in  1952  are 
now  commonplace  in  our  technology.  Although  discus- 
sion and  publication  are  now  much  more  widely  spread 
than  at  that  time,  the  Luminescence  Division  of  The 
Electrochemical  Society  has  continued  to  be  a signifi- 
cant forum  for  the  presentation  of  the  results  in  this 
field.  Research  in  luminescence  and  luminescent  de- 
vices has  matured,  ar.d  it  would  be  presumptuous  to 
predict  new  devices,  such  as  the  flat  solid-state  tele- 
vision tube  (which  has  already  beer,  predicted).  How- 
ever, we  have  seen  many  su-prbes  in  the  last  25  years, 
and  it  would  be  very  surprising  if  there  wore  no  new 
ones  to  review  on  the  occasion  of  the  Society's  cen- 
tenary. 
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